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The thermo-physical behavior of open-celled metal foams depends on their microscopic structure. Various ideal periodic isotropic structures of tetrakaidecahedron shapes with constant cross section of the ligament having circular, square, diamond, hexagon and star strut shapes with various orientations are studied. We have proposed a generalized analytical model in order to obtain geometrical parameters correctly and various relationships between different geometrical parameters and porosities (60-95%) are presented. We have also studied the flow parameters namely permeability and inertia coefficient for different strut shapes and various Reynolds number (0.00001<Re<3000). The range of solid to fluid phase conductivity ratios (λ s /λ f ) studied is from 10 to 30000 for different porosities in local thermal equilibrium condition and an analytical correlation is proposed comprising geometrical parameters of foam structure.

Introduction

During the decades, many researchers have assumed an idealized shape such as Calmidi and Du Plessis et al. [1][2] proposed the use of a cubic unit volume open cell analytical model to approximate the metal foam structure and proposed a relationship of pore diameter as a function of porosity and pore density. Several researchers [3][4][5][6][7][8] reported theoretical geometrical models which describe the relation between strut diameter, pore diameter and porosity. For high porosity range ( > 0.9), different models exhibit equivalent results but for low porosity range, quite high deviations are observed. The models have tendency to overestimate the experimental values. It is then, evident that there are discrepancies in the values for different correlations. Recently, Garrido et al. [8] evaluated pressure drop correlations from the literature by comparing the predictions with their own experimental data. It was concluded that the prediction of all of the correlations from literature was not satisfactory. Edouard et al. [9] reviewed state-of-the-art correlations for pressure drop prediction in foam structures. They reported that the standard deviation between experimental and theoretical values of the pressure drop can be as high as 100%. One of main reasons for these large spreads in proposed models is believed to be a combination of measurement accuracy issues and over-simplification of the strut geometry. Bhattacharya et al. [10] performed experiments to calculate effective thermal conductivity and extended the analytical model of [11] with square and circular lumps at nodes and obtained t / d = 0.19. Both the models can accurately predict the thermal conductivity for Al foam, but for other foam structures, they overestimate the thermal conductivity. Singh and Kasana [12] have established the correlation only for higher porosities. Their correlation has involved the solid and fluid phase conductivities where fluid phase is of the order of 0.02~0.7 (air or water) and solid phase constitutes Al or RVC. When the fluid phase conductivity has the same order of the solid phase, then fluid phase starts to play an important role in determining effective thermal conductivity and the correlations given by several authors [10][11][12][13] will not hold. All these methods do not take into account the real morphology of the foam but assume an idealized periodic pattern. This work aims at developing accurate correlations (based on the tetrakaidecahedron geometry and different strut morphologies of the foam structures) for the theoretical estimation of all geometrical properties of any kind foams that are applicable to different foam shapes and porosities and can be valid for wide range of existing foams. Subsequently, pressure drop characteristics and effective thermal conductivity are thus derived.

Geometrical and CAD modeling

Using our virtual foams, we can vary any individual parameter keeping the others constant and consequently, identify the influence and derive the relationships between these parameters. We have realized different shapes of Kelvin like cells using truncated octahedron geometry in a periodic unit cell. Note that, we have considered constant cross-section of the ligament (see fig. 1

-left)

We have constructed strut shapes like circular, diamond (double equilateral triangle), square, hexagon and star. Their cross sections are in line with the ligament axis of the truncated octahedron edge. Moreover, we have studied the rotation of square and hexagon shapes at 45 and 90 degrees respectively with respect to ligament axis where node forms a quite different shape than original ones which has subsequent effect on geometrical and thermo-physical properties (see fig. 1-middle). We have measured all geometrical parameters of 40 virtual Kelvin like foams using classical tessellation approach and few of them are presented in table 1. Thermo-hydraulic properties are determined using 3-D direct numerical simulations discussed in sections (see sections-flow characterstics and effective thermal conductivity). Because of our construction of methodology of fixed (mm), we have generated porosities down to 60% for simple strut shapes but are limited up to 80% porosity for diamond and rotated square strut shapes (up to ε=0.75 for star strut shape). 

Analytical Approach

We have modeled different strut shapes foams for all porosities in CAD. The node junction at different porosities and different strut shapes posses complex shape and is difficult to visualize. To make our analytical approach clear and user-friendly, we have approximated the shapes at the junctions because different strut shapes behave differently at the junction. Moreover, it is very difficult to derive exact calculation for each strut shape. As circular shape is easy to visualize at the node and do not posses complex geometry compared to other strut shapes, we have defined an equivalent radius, which is the radius of the circle of same area than the strut cross section. Obviously, for a given , node volume is same and independent of the strut shape. It is the most important hypothesis in our derivation. In order to provide approximate analytical solution, we have defined as strut length (without considering node points) and as distance between two nodes (or length of solid truncated octahedron edge) as shown in fig. 1-left. For analytical derivation, we chose to base our node volume calculation on the triangular one (Kanaun et al. [14]) and derive an approximate side of regular triangular pyramid (see fig. 1-right). Volume of the ligament, node of equivalent circular shape and truncated octahedron is given as
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Moreover, at the node, using geometrical approximations and as shown in fig. 1-right ( ) In a truncated octahedron structure (see figure 1-left), there are 36 ligaments and 24 nodes but only 1/3 rd of both, volume of ligament and volume of node is included in the unit periodic cell. Eqs. ( 1) and ( 2) represent a generalized methodology to evaluate geometrical properties of equivalent circular shape of metal foam. We have shown one of the studied shapes and the correlation between geometrical parameters, say, for circular strut shape, On substitution, we get,
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where, and Note that is ratio of radius to node length where subscript represents circular shape. Note that, is independent of strut shape. For all the other strut shapes, one can determine all the geometrical relations using . Above eqs. ( 2) and (3) can be solved for porosity. We have plotted different values of for different shapes which clearly follow a power law as shown in fig. 2-left and can be expressed as ( ) ( ) ( ) where, χ and 𝜦 are the parameters that depend only on strut shape and also on rotation but with less impact (as the node shape change a little bit with rotation, the parameters χ and 𝜦 are influenced). Plot of is not presented as it lies on a single curve because of hypothesis of same node volume. which clarifies that the thermal conductivity can be analytically calculated precisely if the geometrical parameters or their relations between them are known. The errors are seen only at low porosities for complex shapes at node junctions. 

Fig. 1 ,

 1 Fig. 1, Left-Presentation of tetrakaidecahedon model of Kelvin cell. Strut length, and Node Length, are clearly shown. Constant ligament cross sections with different strut shapes: circular (on the top-zoom) and hexagon (at the bottom-zoom). Middle-Representation of different strut shapes with their characteristic dimension. Right-A typical node of foam structure (see ref Kanaun[14]).

Fig. 2 ,

 2 Fig. 2, Left-Plot of Vs , Center-Validation of specific surface areas of various shapes by classical and analytical approach, Right-Comparison of analytical and measured values of specific surface area.

Fig. 4 ,

 4 Fig. 4, Left-Plot of F (non-dimensional) and S (non-dimensional) to determine ETC. Right-Comparison of numerical and analytical ETCConclusionVirtual foams of different strut shapes along with their orientations using CAD modeling are tailored in a porosity range, 60-95%. The proposed correlations have been derived for constant cross section of ligament for different strut shapes. The final outcome from the proposed model is very effective. A very good agreement between the predicted results and the available experimental data has also been observed for geometrical characterization and thermo-hydraulic properties. Methodology to determine flow characterstics and effective thermal conductivity in function with geometrical properties are discussed and its dependence are explained.

Table 1 .

 1 Representation of various strut shapes, porosities and their characteristic dimensions

			Geometrical Characterstics		Flow Characterstics	ETC at LTE
	Shape	ε (%)	(mm)			(m -1 )	K Darcy (x10 -8, m -2 )	β Forchemmier (m -1 )	λ s /λ f	ETC* (W/mk)
		60	1.212	0.429	0.341	982	6.01	1157	1000	2526
	Circular	70	1.006	0.356	0.447	960	9.03	748	1000	1703
		80	0.789	0.279	0.563	873	13.5	408	1000	1011
	Rotated Square	80 85 90	0.694 0.589 0.470	0.491 0.416 0.332	0.563 0.628 0.702	996 906 779	12.40 15.60 20.00	730 557 347	1000 1000 1000	1016 716 446
		80	0.752	0.532	0.563	1070	13.80	740	1000	1024
	Diamond	85	0.637	0.450	0.628	974	16.60	611	1000	724
		95	0.349	0.247	0.794	627	27.70	221	1000	211
		75	0.347	0.246	0.504	1399	8.05	1502	1000	1360
	Star	80	0.305	0.215	0.563	1314	10.90	896	1000	1025
		95	0.142	0.100	0.794	769	27.40	152	1000	210

*Note that and are explained in the section of analytical approach, ETC is effective thermal conductivity at LTE (local thermal equilibrium).

As it is far more convenient to calculate specific surface area using a cubic unit cell we consider the foam shape in the cubic cell of volume V (see fig. 1-left), specific surface area, can be written as

where and is the surface area of all ligaments and nodes contained in the cubic cell of volume, ( √ ) is the volume of the cubic cell. In the fig. 1-left, we have presented one of the Kelvin like foam of circular strut shape in a cubic cell. One can easily notice that there are 12 full ligaments and 24 half ligaments at the square face. Also, at the node, there are 2 half nodes and 1 node of 1/4th shape. Specific surface area of a circular strut shape is given as

For all the other strut shapes, one can determine using using and correct dimensons (see fig. 1-middle). Fig. 2-center obtained by classical method and analytical approach is compared and validated. The errors are within ±3% for various shapes but in the case of star strut shape, specific surface area is underestimated by 6% only at low porosities. This error is due to the complex nature of the micro-structural node for complex shapes (eg. star strut shape) at low porosities. The validation states that analytical model and hypothesis made works well for different strut shapes. Very few works in the literature exist with complete measurement of all geometrical properties. We have compared obtained from experimental data of [15][16][17][START_REF] Kumar | AIP Conf. Proc[END_REF] and analytical approach assuming that samples of [15][16] as quasi-isotropic. Fig. 2-right shows that the analytical derivation works well for any strut shape and are in good agreement within an error range of ±6%.

Flow Characterstics (K and β)

We have performed 3-D direct numerical simulations using StarcCCM+ only in one direction (as our virtual foams are isotropic) to calculate the flow characterstics. In order to determine Darcian and Forchheimer , we have first analyzed the pressure drop at very low velocities to avoid discrepancies in permeability values using equation (7). For high velocities, we have used Darcian to determine inertia coefficient given in eq. ( 7):

This methodology helps us to avoid dicrepencies as reported in literature (Bonnet [START_REF] Bonnet | [END_REF] and Madani [20]) and estimates accurate flow properties (see table 1 for flow characterstics). In order to determine analytically pressure drop, we revisited Ergun-like approach [21], given in equation ( 8):

Using obtained from classical measurement, we have tried various combinations in function of porosity and geometrical parameters .We found that the constants A and B for all strut shapes follow the same trend with and to best of our knowledge, has not been reported in the literature and are given by:

From equation (9), it is clear that A does not depend on geometrical parameter but B is strictly a function of geometrical parameter, (see analytical approach) For a given shape, in fig. 3-left, we have obtained an error range of ±5% for most of the porosities but approximation at node surface area and thus, using analytical value of , error increases but limited to ±10% as it is very difficult to predict the combination of geometrical parameters that can imply for transition regime. Globally, for all strut shapes in wide porosity range (60-95%), we have compared numerical and analytical pressure drop results using correlations presented in eqs. ( 8) and (9). The results are in good agreement within an error range of ±7% for simple strut shapes (e.g. circlar, sqaure and rotated square) and ±15% for complex shapes (diamond, hexagon, star) and are presented in fig. 3-right. The error is more for complex shapes which is due to the fact that node surface area is very complicated to approximate at low porosities. Fig. 3, Left-Comparison of pressure drop analytically (using and of Eq.11 and analytical ) and numerically for all porosity range of circular strut shape. Right-Comparison of pressure drop analytically (using and of Eq.11 and analytical ) and numerically for of all strut shapes at 80% porosity

Effective Thermal Conductivity

For heat conduction, energy balance equation is solved on both fluid and solid phase with a coupled solver by applying temperature difference on opposite faces of the cubic cell. To determine effective properties, we used the methodology and model proposed by Hugo [23]. We have checked that LTE (local thermal equilibrium) is reached for all calculations and can write 〈 〉 〈 〉 . Thus, we can use one-temperature model to determine 〈 〉 and 〈 〉. Whitaker [START_REF] Whitaker | The Method of Volume Averaging[END_REF] has shown that 〈 〉 ̿̿̿̿ 〈 〉 when local thermal equilibrium is reached and is calculated (see table 1). Singh et al. [12] have presented a resistor model in order to incorporate varying individual geometries and non-linear flow of heat flux lines generated by the difference in thermal conductivity of the constituent phases by incorporating a correlation factor, :

( ) where, fraction of the material is oriented in the direction of heat flow and remaining ( ) fraction is oriented in the perpendicular direction. The parallel and series models (see ref. [12]) to determine conductivity is given eq. ( 11):

where, Using eqs. (10) We have plotted as function of ( ) and are shown in the fig. 4-left. One can notice that all the values of in relation with are collapsed on a single curve for all different strut shapes. The function is function of strut shape and its size which is an indirect function of porosity. It is observed from the graph that increases roughly parabolically with increasing . From the fig. 4left, it is found that ( ) From the eq. ( 14) and figure 4-left, it is evident that is a function of geometrical parameters and ratios of thermal conductivities of constituent phases and is applicable for wide range of thermal conductivity ratios ( ). From the fig. 4-right, it is found that the solution given by eqs. ( 10) and ( 13) underestimates and overestimates the actual thermal conductivity but the error lies within ±6%