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ABSTRACT

Open-porous copper foams applied as heat exchanger materials are addressed within the study.
Commercially available materials are characterized with the use of microcomputed tomography. The
results of materials characterization act as assumptions for the development of a numerical design
procedure, with the ability to control the selection of porous structure parameters, including
constrictivity and pore size distribution. An adaptation of Laguerre-Voronoi tessellations is performed
allowing for exact representation of complex porous structures. The design algorithm has been
developed in such a way as to enable determination of the influence of pore size distribution on utility
properties such as temperature transfer efficiency.
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1 INTRODUCTION
Open-porous copper foams are high performance materials with high thermal conductivity
and high specific strength. These features make such materials attractive for application in
cross-flow heat exchangers, catalytic converters, electrodes of high-temperature fuel cells or
solar collectors [1], [2], where high performance materials with thermal conductivity being
an essential factor are required.

Structural parameters of porous materials, such as porosity, mean pore size, pore size
distribution or strut shape can be controlled during the manufacturing process by adjustment
of foaming powders or foaming gas. The microstructure of open-porous foams is complex
and irregular, which rules out the possibility to apply analytical approaches for studying such
materials. Rapid increase in computational power in recent years, together with the
development of more efficient algorithms made modeling of open-porous structure possible.

Various models have been proposed in the literature in order to properly describe the
complexity of the structure, representing crucial features of real porous structures. Models
representing the structure by ordered set based on regular polyhedrons (usually
tetracaidecahedrons) are frequently used in studies on the properties of open porous materials
[3]-[5]. It turns out that — despite the random structure — a set of macroscopic properties of
porous structures can be modeled with sufficient accuracy with the use of regular geometry.
Experimental observations, however, clearly indicate the distribution of pore size [6] and
sometimes anisotropy in real materials, which makes such simplified models insufficiently
accurate. In order to increase consistency of models with real materials other approaches for
simulating properties of porous materials have been developed, namely tessellation methods
and methods based on computed tomography. In tessellation methods the volume of
representative cell of the material is divided to smaller polyhedral volumes taking into
account predefined size and distribution. Different variants of Voronoi tessellations are
successfully applied to represent the random nature of foam materials [7], [8], most
commonly Laguerre-Voronoi tessellations (LVT) [9]-[11]. This algorithm, applied also by
the authors of this study, enables one to develop a model of foam materials with controlled
pore size distribution. 2D/3D reconstruction methods [12]-[14] have also drawn the attention
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of scientist in recent years, where model of geometry is developed on the basis of
reconstruction and processing of tomographic image and subsequently used in dedicated
software for simulations.

Quantitative relationships between microstructural parameters and porous materials
properties is the main goal of most of the studies applying models of porous structures found
in literature [15]-[17]. Heat transfer in foam materials is also a subject described in scientific
research. A wide literature review in this area has been performed by Zhao [18]. Thermal
conductivity of porous materials has been reported to be strongly influenced by porosity. The
influence of mean pore size (expressed in pores per inch — ppi) on heat transfer properties of
porous materials is a subject undertaken in research performed by Bagct and Dukhan [19].
Also the influence of strut shape on thermal properties of porous materials has been studied
[20]. Our previous study exhibited the influence of pore size distribution on the permeability
of open-porous foams [21].

The aim of this study is to develop numerical model properly representing commercial
copper foams. Commercial materials are characterized with the use of micro-computed
tomography, serving as reference structures for the development of numerical design
procedure. The developed model is based on Laguerre-Voronoi tessellations. The purpose of
the model is to enable numerical modeling of heat and mass transfer processes for further
studies of microstructure influence on utility parameters of open-porous metallic foams. A
set of numerical simulations has been performed employing the finite volume method, in
order to verify applicability of the developed model.

2 MATERIALS AND METHODS
2.1 Commercial copper foams tomography

Commercial copper foams for heat transfer applications were used as reference for the design
of virtual models. Foams with pore size of 10 ppi have been studied with use of SkyScan X-
Radia XCT-400 in order to determine their structural parameters. Porosity, mean pore
diameter and mean strut diameter have been determined for validation of the virtual models
generated by the design procedure. Three-dimensional image acquisition has been performed
under acceleration voltage of 150kV and current of 50A, which assured a voxel resolution of
41.49 microns. A more detailed description of the applied methodology can be found in
Regulski et al. [22].

2.2 Numerical model of open-porous foams

Numerical models of complex porous geometries were designed by using of Laguerre-
Voronoi tessellations algorithm. LVT enables generation open-cell porous structures with
predefined porosity, mean pore size and pore size variation. More details about the modeling
procedure can be found in Wejrzanowski et al. [11]. Adaptation of the described procedure
included mainly the adaptation of cell strut shape. In our previous studies we used cylindrical
strut shape, since the model was based on alumina foams applied as filters for molten metals.
Strut shape of copper foams studied within the present work clearly indicates struts which
are narrow between the triple points and thicker at the connections. Proposed model strut
shape is shown in Fig. 1.
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Figure 1: Cross-section of a single strut: (a) Standard; (b) Modified LVT procedure.

2.3 Temperature transfer efficiency calculations

Temperature transfer efficiency of the studied materials has been determined with use of
finite element method (FEM) implemented in ANSYS Fluent software. Numerical
simulations of fluid flowing through the heated copper foam with constant temperature in
order to determine temperature transfer efficiency of the material. Studied material was
placed in rectangular calculation channel, where fluid flow was applied. Navier-Stokes
equations for Newtonian fluid at steady state have been solved with assumption of constant
temperature of 352.5 K on the walls of the foam structure. Temperature value has been
chosen based on working temperature of cross-flow heat exchanger with copper foam as a
heating material. Temperature transfer coefficient uT was be calculated:

— (13-T1)
(T2-T1)’

where T is the inlet temperature, T is the struts temperature and T; is the outlet temperature.
Performed mesh convergence study indicated a mesh size of approximately 7 million
elements to be optimal for valid representation of the microstructure of the samples. The aim
of initial calculations performed within the presented study was to verify the utility of the
developed modelling method for further studies of the influence of structural parameters on
utility properties of the materials.

3 RESULTS AND DISCUSSION
The goal of the performed studies was to characterize open-porous copper foam structures,
indicating crucial structural parameters that would serve as guidelines for development of
numerical model. The developed model, properly representing complexity of the foam
structure, will allow for further studying the influence of chosen structural parameters on
utility properties of open-cell metallic foams.

3.1 Characterization of copper foams
The images obtained with computer tomography has been analysed with CTAn software in

order to determine crucial structural parameters of studied foams. Parameters obtained are
listed in Table 1.
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Table 1: Microstructural parameters of 10 ppi commercial copper foams.

Structure Not | Nep | No3 | devistion
Porosity (%) 90.98 90.37 91.19 +/- 0.82

Mean pore diameter (mm) 3.753 3.836 3917 +/- 0.164
Mean strut diameter (mm) 1.144 1.192 1.137 +/-0.055

Avizo software has been employed in order to visualize the studied sample and to perform
assessment of the strut shape. An example of reconstructed 3D copper foam structure is
shown in Fig. 2.

Figure 2: Reconstruction of tomography results of 10 ppi open-porous copper foam.

3.2 Numerical model of open-porous foams

A set of 11 structures with coefficient of pore volume variation CV(V) ranging from 0.45 to
2.0 was developed. Coefficient of pore volume variation was set using a selected range of
sphere diameters in the first step of LVT procedure described above. The value of CV(V) for
each structure was calculated as CV(V) for LVT cells. Each structure was limited by a
bounding box of cubic shape and consisted of 200 pores. According to the literature data
[12], [23] this is expected to be sufficiently high number of pores to study their effect on the
properties of the structures in question. Mean strut diameter value was 1.0 mm in accord with
data obtained from materials characterisation. This resulted in porosity of ~91%, which is in
accord with porosity of commercial materials (Table 2).
An example of the designed structure is shown in Fig. 2.

3.3 Temperature transfer efficiency calculations

Temperature transfer efficiency of the designed models has been determined with use of
ANSYS Fluent software. The inlet temperature of the fluid was 300K (room temperature),
the temperature of the struts was chosen in accord with working temperature of commercial
materials, 352.5K, and the inlet velocity was 5 cm/s. Calculated values have been plotted vs.
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Table 2: Microstructural parameters designed model foams.

Mean strut Coefficient of pore
Structure Porosity (%) diameter size variation
(mm) )
Model 1 91.07 1.00 0.478
Model 2 91.08 1.00 0.484
Model 3 91.07 1.00 0.459
Model 4 91.06 1.00 0.587
Model 5 91.31 1.00 0.859
Model 6 9141 1.00 0.640
Model 7 91.25 1.00 1.400
Model 8 91.21 1.00 1.223
Model 9 91.32 1.00 1.391
Model 10 91.58 1.00 1.433
Model 11 91.61 1.00 1.740

Figure 3:  Numerical model of open-porous foam obtained with developed LVT design
procedure.

coefficient of pore size variation CV(V) in Fig. 3 in order to determine the influence of pore
size distribution (dimensionless coefficient of pore size variation) on temperature transfer
efficiency of the materials.

The results clearly indicate the influence of pore size variation on the heat transfer
properties of metallic foams. With increasing value of pore size variation coefficient, the
temperature transfer efficiency of the material drops. This phenomenon can be explained
with higher permeability of the materials with higher inhomogeneity of the pore size.
Structures with homogeneous pore size distribution have lower permeability [21], hence they
retain flowing fluid easier, facilitating the heat exchange. The effect can also be assigned to
constrictivity, a factor determining narrow connections between the neighbouring pores,
however this is just an assumption, and separate research needs to be conducted in order to
confirm such influence on heat exchange phenomena.
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Figure 4:  Calculated temperature transfer efficiency of the designed open-cell foams.

4 CONCLUSIONS

Commercial open-porous copper foams were characterized with use of computer
tomography. Numerical model of open-porous metallic foams, employing LVT tessellations,
has been developed based on the structural parameters of characterised materials. The
developed model has been applied to develop a representative set of 11 structures with
various pore size distribution. Calculations of temperature transfer efficiency has been
performed with use of finite volume method in order to assess the ability of the developed
materials design method to study the influence of structural parameters on utility properties
of open-porous ceramic materials.

The results obtained indicate a strong influence of pore size distribution on heat transfer
properties of open-cell copper foams. Lower temperature transfer efficiency values have been
obtained for higher values of coefficient of pore size variation. Further research is necessary
in order to determine the influence of structural parameters on heat transfer properties of
foams. More structures need to be designed and tested including different inlet velocities,
range of material porosities. Nevertheless, the results obtained confirmed the utility of the
developed design procedure for application in further research of the influence of structural
parameters on utility properties of open-porous metallic foams.
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