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We determine thermal dispersion in metal foams using a pore scale numerical approach. Samples are contained in a channel crossed by a steady fully established fluid flow. The size of the foam sample is chosen according to a Representative Elementary Volume (REV).Two configurations are tested with several foam structures, pore size and pore shape. In the first configuration, heat and mass fluxes are in the same direction, in the second one, fluxes are perpendicular such as in heat exchanger. Results obtained on apparent fluid phase conductivity are discussed along with pressure drop data and compared to available literature data.

Introduction

Metal foams are a class of porous materials with low densities and novel thermal, mechanical, electrical and acoustic properties. The foams are lightweight, offering high strength and rigidity, nontoxic structure, high surface area and recyclable which improve energy absorption and heat transfer. Metal foam heat exchangers have considerable advantages in thermal management and heat recovery over several commercially available units. The rate of heat transfer is enhanced by heat conduction the heat through the material struts, which have a large accessible surface area per unit volume, along with high interaction with the fluid flowing around them [1][2][START_REF] Dairon | Casting parts with CTIF foams[END_REF].

The effect of thermal dispersion is essential for a number of applications in the transport processes [1] have shown that the effect of transverse dispersion is much more important than the longitudinal one. The induced mixing and apparent heat conductivity enhancement increase performance and efficiency of the heat exchanger considerably [1,[START_REF] Hunt | [END_REF][5].Dispersion, here is taken in its simplest form: convective transport coupled to diffusion phenomena in a moving fluid bounded by a rigid and impermeable solid matrix. There is neither chemical reaction at the solid/fluid interface nor heat/mass transfer from the solid to fluid.

Nowadays it is possible to gain a better understanding of fluid flow through metal foam using direct numerical simulation at pore scale on real or idealized geometry [START_REF] Hugo | From pore scale numerical simulation of conjugate heat transfer in cellular material to effectives transport properties of real structures[END_REF]. From these pore scale simulations macroscopic properties could be deduced and correlated to appropriate geometric parameters. From these data macroscopic properties of porous media whose detailed structure maybe largely unknown and for which only statistical data are available could be obtained using volume averaging technique [START_REF] Whitaker | The Method of Volume Averaging[END_REF]. Finally macroscopic approach of heat transfer and fluid flow in such media give access to structural optimization of devices containing such metal foam through the use of bulk properties.

At a "macroscopic" level, the quantitative treatment of dispersion is currently based on Fick's law or on Fourier's law (1) with an appropriate effective diffusion tensor composed of intrinsic fluid diffusion and a dispersion term [START_REF] Delgado | [END_REF] summarized several correlation for both longitudinal and transverse dispersion from experimental data of the literature. There is several works dealing with longitudinal thermal or solute dispersion with experimental or numerical approach through metal foam based on unsteady method [9][START_REF] Jobic | Dispersion en milieu poreux : approche LBM des transferts dans les mousses métalliques[END_REF]. However, there is only very few works on transverse dispersion in metal foam [START_REF] Yang | [END_REF][12]. Moreover the majority of studies is conducted with gases and deals with mass transfer dispersion.

In order to design heat exchanger, a macroscale metal foam model was used in a previous study. Transverse effective conductivity is deduced from literature data. Model overestimates sharply heat transfer rate compared experimental one [START_REF] Hugo | Mesures et modélisation des propriétés effectives de mousse métalliques : Impact sur le design d'échangeur[END_REF]. In the present work we, thus, propose to determine transverse thermal dispersion (also named apparent thermal conductivity) using a steady numerical simulation at a pore scale on several periodic (Kelvin's cell) or commercially available samples. Solid matrix topology were reconstructed from x-ray tomography [START_REF] Brun | [END_REF]. Microscale velocity, pressure, temperature fields are then calculated using commercial software (StarCCM+). Pore scale results are then upscaled and macroscale one are compared with literature data. All bracketed quantities are macro (average) values and in our case is constant with only one component in Ox direction.

is also constant with only one component in Oy direction. Thus Eq. 1 reduces to Eq. 2 in the case of stagnant isotropic or orthotropic medium. k T is the apparent transverse conductivity.

(1) (2)

Pore Level Description

We measure dispersion in ERG 10PPI foam and in a periodic Kelvin's cell foam (Table1 -Figure 1). This latter has been deformed to study the impact of pore shape. The Kelvin's cell (Kelvin1) is scaled by a factor 1/3 in order to study the pore size influence (Kelvin2). It is stretched 2 times along the main flow axis (Ox) and ½ times along the main heat flux direction (Oy) in order to keep the same porosity and to study the influence of the anisotropy (Kelvin3).

For Kelvin's cell, only one pore is modeled (periodic structure) and meshes are relatively small (about 350,000 polyhedral cells of 0.25mm and prism layer mesh close to the interface solid/fluid). For ERG foam as the REV should contained several pores, we extract a box of about 20mm edges size from X-ray CT data and duplicate it (mirror) to eventually obtain a periodic domain along the main flow axis (19x22x32mm 3 ). The resulting mesh contains about 1,500,000 polyhedral cells. Energy balance equation and Naviers-Stokes equations are solved using StarCCM+ segregated flow and temperature solver in laminar regime. Both local and averaged value of temperature, pressure and velocity are the extracted for each set of boundary conditions. Only fluid phase is modeled here. Figure 2 shows temperatures (a and b) and velocity (c) fields in different parts of a Kelvin cell. A roughly constant bulk temperature gradient is observed between two heated opposite faces. However, locally, temperature and velocity gradients vary significantly thus induce dispersion. Due to local transverse velocity component, an energy transport term perpendicular to the main flow axis exists This phenomenon leads to an enhanced mixing usually reported as an apparent fluid phase conductivity greater than the stagnant conductivity. This former conductivity depends on fluid velocity (and thus flow pattern), on fluid intrinsic conductivity and also on fluid heat capacity.

Fluid Flow Law

We obtain velocity vectors field in the fluid and plot a velocity vector components distribution as shown in Figure 3. This graph shows that velocity in the main axis x is much dispersed. One maximum appears close to zero due to non-slip condition at the interface fluid-solid, and a second maximum around the superficial velocity. For both transverse component of the velocity Uy and Uz, we can observe a Gaussian distribution centered in zero. Standard deviations of these distributions explain that the fluid flow induces microscale transverse advection term and improve mixing of hot and cool stream lines as previously observed on Figure 2. These phenomena lead to an apparent increase of fluid phase conductivity. Usually authors use Forchheimer law to model pressure drop in metal foam [START_REF] Hugo | From pore scale numerical simulation of conjugate heat transfer in cellular material to effectives transport properties of real structures[END_REF]15]. A viscous effect described by permeability and inertial effect described by inertia coefficient contribute to the pressure drop. A low Reynolds, pressure loss increases with the velocity times the fluid dynamic viscosity. At high Reynolds, pressure drop increases with square of the velocity times fluid density. In the present work we choose to present results as a friction factor f (3). We previously validated the numerical method [START_REF] Hugo | Defect and Diffusion Forum[END_REF] comparing with experimental results on several foams, with a good agreement. For several foams, Figure 4 shows friction factor f versus Reynolds.

.

(3) Results are independent of fluid nature as expected. ERG foams present a similar behavior than periodic one. At constant pore size and porosity we obtain clearly different values depending on pore shape. These results show that classical approach using only pore diameter and porosity to describe pressure losses trough metal foam are not fully accurate. Kelvin3 foam elongated in the main flow axis two times generates less pressure drop than the initial foam Kelvin1. Viscous effects are 10% smaller for Kelvin3 and inertia effects are 350% smaller. These phenomena can be 

Parallel Main Fluxes Results: Numerical Validation

In order to validate numerical simulation at pore scale we carry used the method proposed by Pereira [12] to determine the dispersion of solute (thermal diffusion here) using variation of standard deviation of concentration (resp. temperature) as shown in Figure 5. In this case boundary conditions are adiabatic walls, fully developed flow (periodic), inlet temperature profile: T 0 for r<R 1 , T 1 elsewhere. Transverse dispersion is given by the difference of variance of temperature profiles between two cross sections separated by L. . Transverse dispersion values obtained from this configuration for different Péclet are in perfect agreement with literature data as illustrated on Figure 7. Thus, used REV as well as mesh size and numerical method are valid to determine these dispersion parameters. 

Perpendicular Main Fluxes Results: Heat Exchanger Application

For the heat exchanger configuration, temperature is imposed to zero on the bottom face of the sample and heat flux is imposed to 1000W/m² on the top face. Periodic interface with pressure jump between channel inlet and outlet is set to obtain the fully established state (thermal + flow). Other faces are symmetry planes Thus macroscale heat transfer is one dimensional and heat flux is only along Oy (Figure 6). Pore diameter is used as characteristic length to calculate both Reynolds and Péclet number; stagnant fluid phase conductivity is used to calculate intrinsic Péclet number and apparent conductivity to calculate apparent Péclet.

Results

We measure transverse apparent conductivity of two fluids (air: Pr=0.74 and water Pr=6) for several Reynolds number (from 0.5 up to 1500) and thus Péclet number (1-10000). Stagnant fluid phase conductivity depends on foam porosity and on pore shape elongation. On Figure 7, a unique behavior for all tested samples is observed for Péclet number smaller than 200. The apparent Péclet number is independent from fluid nature, pore size and pore shape. In each cases, the Reynolds number is smaller than 150, convective phenomenon is, thus, essentially governed by viscous effect. For intrinsic Péclet number over 200, apparent Péclet depends on pore shape orientation, pore size and pore arrangement (periodic or random). Transverse dispersion is roughly proportional to elongation along the main flow axis and varies inversely to pore size. Random structure (commercial foam) generates more thermal dispersion than periodic foams as staggered structure generates more fluid tortuosity and enhances mixing. In the present study, transverse conductivity values obtained are ten times smaller than literature data. Modeling the heat exchanger section at a macro scale using an equivalent homogeneous medium approach with these effective properties give a agreement with experimental results on foamed heat exchanger. The proposed model is accurate to describe transverse conductivity in such configuration.

In conclusion, it seems that apparent transverse conductivity measurement depends on boundary conditions and on the orientation between main fluxes axis. 

Conclusion

In this paper we present a pore scale numerical simulation method to determine the transverse apparent fluid flow conductivity. This method is based on a steady state resolution of Navier-Stokes equation in a periodic Kelvin's cell or on commercial foam geometry and allows one obtaining the entire velocity field to gain a better understanding of dispersion phenomena. Numerical simulations are validated with literature data measuring variation of variance of temperature profile in parallel heat and mass fluxes configuration. A good agreement is found.

For perpendicular fluxes configuration -heat exchanger configuration -we shows that for all tested sample (for different structure and different fluid), apparent Péclet number collapses on a same curve for intrinsic Péclet number below 200. At higher Péclet number, thermal dispersion depends on foam structure (random or periodic), pore size and on pore shape elongation. Dispersion coefficient is about one order of magnitude smaller than in parallel configuration.

For tested samples, apparent thermal conductivity of the fluid phase depends on pore size and shape as well as flux relative orientations.

Figure 1 -

 1 a) ERG 10 PPI sample meshed with polyhedral cell. b) Kelvin's cell foam obtained by casting process by CTIF.

Figure 2 -

 2 a) Kelvin's cell fluid/solid interface colored by temperature. b) Plane section of the fluid phase colored by the temperature. c) Plane section colored by velocity magnitude.
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 3 Figure 3 -Distribution of velocity vectors component. Line: Superficial velocity <U x >.

Figure 4 -

 4 Figure 4 -Friction factor versus Reynolds for Kelvin's cell and elongated ones.
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 5 Figure 5 -Iso-temperature surface colored by velocity. Main flow and heat flux axis are parallel.

Figure 7 -

 7 Figure 7 -Reduced apparent thermal conductivity of the fluid phase K* versus Péclet number. Squares are numerical validation points obtained with literature method. On Figure 7 literature data are compared to present work values. Results are presented as the reduced apparent thermal conductivity of the fluid phase K* versus intrinsic Péclet number. The reduced apparent conductivity is the apparent conductivity divided by stagnant fluid conductivity.In the present study, transverse conductivity values obtained are ten times smaller than literature data. Modeling the heat exchanger section at a macro scale using an equivalent homogeneous medium approach with these effective properties give a agreement with experimental results on foamed heat exchanger. The proposed model is accurate to describe transverse conductivity in such configuration.In conclusion, it seems that apparent transverse conductivity measurement depends on boundary conditions and on the orientation between main fluxes axis.
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 6 Figure 6 -Heat exchanger fluxes configuration. Color gradient: macroscopic temperature field.

Table 1 -

 1 Summary of samples used in the present study.

	Samples	Porosity (%)	Pore diameter (mm)	Specific Surface (m²/m3)	Struts diameter (mm)	Elongation Ox	Elongation Oy	Elongation Oz
	Kelvin1	87	14.2	244	1.75	1	1	1
	Kelvin2	87	4.7	731	0.6	1	1	1
	Kelvin3	87	14.2	310	1.75	2	0.5	1
	ERG 10PPi	89.5	4.5	668	0.45	1.11	0.86	0.76