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Microstructure and transport properties of cellular materials: Representative Volume Element

The representative volume element (Rve) plays a central role in efforts to predict the effective thermo-physical and transport properties of heterogeneous materials. A quantitative definition of its size is proposed in this work. It is shown that Rve depends on the morphological or physical property being investigated. The methodology is applied to real samples of open-celled materials (such as metallic foam) whose structure is obtained from X-Ray microtomography. Geometrical Rve measurements have been carried out on a wide range of open-cell structures from 10 ppi up to 40 ppi from different manufacturers. Finally, physical Rve measurements for fluid-flow laws are derived from numerical simulations on representative metallic foam. Finite Volume and Lattice Boltzmann simulations are compared and validated by experimental data.

Introduction

Metallic foams are a class of materials that are attractive for numerous applications, as they present high porosity, low relative density, high thermal conductivity of the solid phase and large accessible surface area per unit volume [START_REF] Ashby | Metal foams: A design guide[END_REF]. Moreover, they also promote mixing and have excellent specific mechanical properties. Metallic foams are thus used in the field of compact heat exchangers, reformers, two-phase cooling systems and spreaders [START_REF] Banhart | [END_REF]3]. Foams have also been used in high-power compact batteries and catalytic-reactor applications such as fuel cell systems [START_REF] Catillon | presented at 19th North American Catalysis Society Meeting[END_REF].

Because of their relative novelty and their complex three-dimensional structure, the transport properties of metal foams have not been exhaustively characterized in contrast with mechanical properties. Classical models widely used for low porosity media are difficult to apply to high porosity materials [START_REF] Vicente | IHTC13, 13TH International Heat Transfer Conference[END_REF].

To model cellular materials, most published work uses idealized and periodic structures (e.g. [START_REF] Boomsma | [END_REF]). Local changes in the structure (e.g. in constriction, strut cross section, surface roughness…) can influence the properties [7,8]. The problem is not only "how to model a cell?" but "how many cells are necessary to represent the macroscopic property studied?"

We propose in this work to measure and compare representative volume elements for geometrical and physical properties. The first part of this article presents the set of open-celled samples. The second part is devoted to the numerical simulation methods used in identifying the size of Rve associated to fluid-flow parameters. The Rve estimation procedure is presented in the third part.

Finally we compare and discuss the geometrical and physical Rve.

Materials

We present results on a wide-ranging set of commercially available metallic foams of different manufacturers and metals. We used cylindrical samples of 40 mm and 16 mm diameter, 13 mm and 6 mm thickness (see Table 1). High-resolution microtomography acquisition was performed on the ID19 beam line of the ESRF. Sample size was maximized while respecting the datavolume constraint and X-ray image resolution. We thus acquired a large number of cells while efficiently detecting hollow struts [8]. In previous studies, we measured useful morphological parameters such as specific surface, porosity, pore diameter distribution and cells orientations [8,[START_REF] Brun | Geometrical measurement of real foams from 3D images[END_REF]. Some of these parameters are reported in Table 1.

It appears clearly that these foams present a rather low specific surface, a large pore diameter and a very high porosity in comparison to classical porous media. We have demonstrated [START_REF] Vicente | IHTC13, 13TH International Heat Transfer Conference[END_REF] that the cells are spatially organized (common mean orientation) but some defects appear in this arrangement. Cells of different orientation and size materialize these defects. They appear to accommodate topological constraints associated to plateau border angles, space filling and constraints produced by manufacturing processes. Thus, Rve should include at least some of these defects and their characteristic size should be comparable to defects distance.

Numerical simulations

We present in this part the numerical methods used to simulate fluid flow in the real open-celled structure obtained from X-ray images. The sample used is the Recemat NC1723 (see Fig. 1 ).

As the Lattice Boltzman method uses periodical velocity conditions (inlet and outlet) the 3D reconstructed foam was double mirrored in the direction of flow. The parallelepipedic sample comprises 198x198x342 cubic elements. To compare results of Lattice Boltzmann simulation and Finite Volume simulation, the same-mirrored sample has been used for the Finite Volume method. To identify the Forchheimer fluid flow parameters, simulations have been carried for 5 different Reynolds numbers ranging from approximately 55 up to 157.

Finite volume method (FV)

Navier Stokes equations are discretized with the finite volume method of Patankar [START_REF] Patankar | Numerical Heat transfer and Fluid Flow[END_REF] with a centered velocity mesh. We use the SIMPLE Algorithm modified by Date [START_REF] Date | [END_REF] with smoothing pressure correction. The advection terms are discretized with a first-order UPWIND scheme.

Boundary conditions are imposed velocity at the inlet and symmetry conditions on the lateral faces. An outlet tranquilization zone of 8 voxels width has been added and classical outflow condition (null velocity gradient) has been used. A null velocity is imposed on the solid matrix voxels. The computation is carried on a cluster of 16 AMD 2.3 GHz with one GB of RAM for each processor. The CPU time for a simulation is about 21hours (steady state computation).

Lattice Boltzmann Simulation

The lattice Boltzmann method (LBM) is another numerical method to simulate viscous fluid flow. The LBM approximates the continuous Boltzmann equation by discretizing physical space with lattice nodes and velocity space by a set of microscopic velocity vectors. Space is discretized into uniform cubic voxels that are either void or solid with a lattice node at the center of each. The time-and space-averaged microscopic molecular movements are modeled using molecular populations called distribution functions, which define the density and velocity at each lattice node. Specific particle interaction rules are set so that the Navier-Stokes equations for fluid flow are satisfied. The flow through the metal foam was calculated using the Lattice Boltzmann method in the Multiple-Relaxation-Time version [12] with a D3Q19 lattice and a numerical viscosity of 10 -3 . As the image was composed of cubic voxels, the conditions imposed at the solid/liquid interfaces were simple bounce-back. The boundary conditions at the inlet and outlet were periodic in velocity with an imposed pressure difference; symmetry conditions were applied on the sides. The calculation was transient with a zero velocity initial condition. Once the flow field had become stable enough (i.e. constant macroscopic averaged velocity), images of the flow field were recorded regularly. The CPU time for a simulation is about 60 hours on a single AMD 2GHz processor.

Results

Cells are organized in successive layers, perpendicular to the main flow direction. We can observe on figure 2 a roughly constant pressure in the pores of each layer. The pressure drops from layer to layer because of cell constrictions and structural organization. The velocity increase at the cell throat and current line separate and merge around the struts. A small anisotropic effect could be inferred as isobars are not fully perpendicular to the main flow direction.

In the range of Reynolds number studied the local flow was always non-stationary. A swirling motion similar to a von Karman vortex street (successive eddies formation and lift off) was observed in the wake of the struts. This behavior explains the importance of inertia effects and the non-darcian behavior of the flow.

Validation with experimental fluid flow laws

In these media, fluid flow is described by the Forchheimer law which relates the pressure drop to the mean superficial velocity in the medium (eq. 1.) and leads to characterization in terms of the permeability K and the inertia coefficient b [7].

eq. 1

To establish these parameters numerically, simulations must be performed for several values of Reynolds number. K and b are then computed by fitting pressure gradient versus superficial velocity data with the Forchheimer model.

A previous study [7] indicates that published experimental fluid-flow parameters for open-celled materials show a wide dispersion. For instance, permeability values for the same medium can differ by up to three orders of magnitude. The final uncertainty over the experimental data presented here is about 50%. The experimental values were determined over a much wider range of Reynolds number (from 10 to 10 000) than the numerical one. Values of calculated inertia coefficient (Table 2) present a small uncertainty and are quite comparable. Calculated permeability values differ from factor two. Globally, LBM results stay closer to experimental data than FVM one (figure 3) but both results are well fitted by second order polynomials. This confirms that the Forchheimer law describes the fluid flow behavior in these media. In the range of Reynolds numbers studied, LBM fits the experimental data better than FVM. The most probable explanation of the discrepancy between the two numerical methods is that FVM results are obtained with a too coarse mesh to capture efficiently velocity gradients end eddies in the vicinity of the struts. Moreover, LBM results are obtained by averaging transient calculations over time while FVM results are calculated at steady state. FVM calculations are done in the stationary regime while some non-stationary effects are present (as shown by transient results) and are not well captured. For Navier Stokes computation in such complex geometry and at relatively low Reynolds number, clearly LBM is more efficient than FVM as it gives more precise results and uses far less CPU time for a given structured mesh. A mesh dependency study is under investigation. We'll use an octree decomposition mesh that will allow a finer resolution near the solid interface in order to efficiently capture local boundary layers and velocity gradients.

Rve determination procedure

A definition of the Rve was recently proposed by Drugan and Willis [13]''It is the smallest material volume element of the composite for which the usual spatially constant (overall modulus) macroscopic constitutive representation is a sufficiently accurate model to represent mean constitutive response''. We propose to qualitatively identify Rve associated to both geometrical and physical macroscopic properties using a statistical approach [14].

The property considered is calculated for a large number of fixed-size boxes (n=100 to 1000) randomly located in the sample. We obtain a distribution of mean values for a given size of box.

We then study the influence of the box size on the standard deviation of these distributions. The size of the Rve is defined as the volume for which the distribution of the mean values presents a standard deviation below a given threshold. We could also define the size of the Rve as the volume for which the maximum difference is below a given threshold; it would be a much robust criteria since Std statistics could hide a MD far greater than Std Dev. In our case both quantities vary similarly and thus STD Dev threshold is sufficient.

For all studied quantities, the standard deviation decrease roughly exponentially with the box size. For a Std Dev of 10 % we observe that maximum differences (MD) between two realizations could exceed 25%. At 5% Std Dev, MD stay around 15%. This value is indeed rather important but the available samples do not permit to be more precise.

Concerning velocity, the method for obtaining Rve is the same as for geometrical properties. But determining the local averaged pressure gradient from the pressure field is more difficult [15,16]. Even if local pressure gradient are not fully perpendicular to main flow direction (Figure 2), this effect is small and we consider that macroscopic pressure is constant on planes perpendicular to the main flow direction (established flow in an isotropic medium). Thus, we calculate mean pressure on planes perpendicular to the main flow direction at several locations, and we estimate the slope of the mean pressure variation by linear regression. We have chosen the coefficient of determination R 2 of the linear regression as a pertinent parameter and we keep our 5% criteria to establish the Rve size. We made these calculations for different sizes of a randomly located box in the medium and we studied the influence of the box volume on the coefficient of determination R 2 of the linear regression.

Rve estimation and discussion

To compare the different foams, the size of the box was normalized by the pore diameter.

Moreover the standard deviation and the maximum difference are normalized with the mean value of the property studied for the considered foam. The figure 4 and5 show the evolution of the standard deviation and the maximum difference in function of the box size.

Geometrical Rve

Porosity and specific surface are estimated from the 3D density images obtained with X-ray tomography. Porosity is trivially obtained by counting the voxels of the different phase. The "Marching Cubes" algorithm uses the 3D density images to obtain the mesh of solid surface [17].

The mesh data triangles are ordered so that each triangle is included into a unique cubic mesh composing the 3D sample. Once the mesh has been generated for the sample, it is then easy to calculate a specific surface area within a small volume taken in the sample: the cubes composing the volume are retrieved and the surface area of the triangles contained in these cubes is summed.

Figure 4 shows the influence of the box size on standard deviation and on the maximum difference of both porosity (a) and specific surface (b) area distribution. For porosity we can define a unique Rve for these samples. In effect, we observe similar standard deviation variations for the several manufacturers. According our 5% criteria the Rve of porosity is a cube of 0.7 pore diameter side.

Similar behavior in standard deviation variation is observed for the Rve of specific surface. A single size of Rve can be defined for all these samples: similar standard deviation variations are observed for the foams from different manufacturers. According our 5% criteria, the Rve for specific surface is a cube roughly 3 dp in side length.

The absence of differences between foams from different manufacturer can be explained by the fact that the manufacturing processes are roughly similar (replication of polymer foam) and lead to the same solid volume fraction (porosity around 90 % is a manufacturer goal). Plateau law gives globally struts shape but local variations in the cells organization induce different shapes of struts inter-connection and strut cross section (roughly curved triangle). These perturbations may be due to several effects (gravity, drainage, deposition, casting…) during manufacturing process. This gives insight on the fact that specific surface Rve size is far greater than porosity one, but further investigation needed to clarify this point.

Physical Rve

Figure 5.a shows the influence of the box size on standard deviation and on the maximum difference of mean velocity. To establish Rve for the mean velocity value we used the velocity field obtained from the computations. No clear influence of the Reynolds number on RVE size can be identified for both methods on the studied range. We observe that for LBM simulation a box of 3 dp side seems to be sufficient to define the mean velocity for these Reynolds numbers.

Velocity magnitudes obtained with FVM present bigger fluctuations in standard deviation.

Therefore Rve for FVM is bigger than for LBM and equal to 5 dp. This indicates that pressure fields given by both numerical methods are similar. On the other hand velocity field are quite different, due to the insufficient mesh condition velocity fluctuations calculated by FVM are apparent on larger scale The estimate of the pressure gradient is quite constant for a box 3 pore diameters in size and the coefficient of determination R 2 is good (>0.99). Similar results have been obtained with the FV method. As a result, 3 pore diameters are sufficient to establish pressure drop Rve for the both methods.

The Rve for the fluid flow properties depends on the biggest Rve (velocity and pressure drop), so Rve for LBM is a box of 3 pore-diameter size, while the FV needs a 5 pore-diameter box.

Conclusion

This work presents the first measurement database of Rve (for both geometrical and fluid-flow properties) in metallic foam. Geometrical data were obtained from 3D X-ray CT and full morphological measurements were carried out. Fluid flow simulations at pore level were carried out in real geometries with two different numerical methods which lead to similar results even if some discrepancies are observed, probably linked to the different treatment of transient terms. A reasonable agreement with experimental data is obtained in terms of permeability and inertia coefficient. Both geometrical and physical Rve characteristic sizes are close to pore size. This work will be extended to conduction and conjugate heat transfer as well as other geometrical parameters in order to gain a better understanding of the impact of the structure of the porous The Rve determination is reported in term of the Pore diameter. This pore diameter is a mean value obtained by the analysis of the whole accessible sample. It would be interesting to study the size of the pore diameter Rve. The Rve size of a studied parameter is clearly depending on the dispersion of these parameters.

Finally, it is clear that using a Std Dev threshold of 1% would lead to a more representative evaluation of Rve size. Unfortunately, the usable field of view of our CT data does not permit to use boxes big enough to satisfy this criterion.
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 5 Figure 5.b presents the estimation of the pressure gradient by a linear regression and its