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Understanding the influence of foam morphology on the heat transport mechanism is an essential task
for the design engineers. The assessment of foam thermal properties was performed using experimental
techniques or simulation approaches such as Finite Elements analysis and/or computational fluid dynam-
ics and was, up to now, mainly focused on describing the influence of some average parameters, such as
cell size and porosity. Recent numerical analysis have instead demonstrated that local cell morphological
structures can strongly influence thermal conduction in ceramic foams. Therefore, in the present work,
the effect of morphological characteristics, namely ligament radius, cell inclination angle and ligament
tapering, on the convective heat transfer of ceramic foams were studied. The approach used is Computa-
tional Fluid Dynamics (CFD) and foam geometries were schematically represented with tetrakaydecahe-
dra geometries. The numerical simulations, performed with ANSYS/Fluent on different tetrakaydecahedra
geometries, aimed at evaluating pressure drop and heat exchange through the foam. A heat exchanger
efficiency parameter was defined and then evaluated for the different foam geometries at several air flow
velocities. Results show the influence of the different morphological parameters and, in particular, that
the heat exchanger efficiency of the foams decreases when increasing the air flow velocity.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Among the so called hybrid materials, cellular structures and
foams stand for their outstanding effective properties resulting
from the combination of two or more materials, or of materials
and space [1]. Synthetic foams in general are widely employed in
many industrial applications including: filtration, personal safety,
and packaging [2], aeronautics [3], and aerospace [4].

Reticulated ceramics are highly porous open celled ceramics
commonly manufactured by the replica method. Replica ceram-
ics are produced in three steps: dipping a polymeric foam into
a suitable ceramic slurry, de-binding and then sintering [5].
Their fabrication method is relatively economic, and large parts
can be produced. Process parameters do influence the properties
of the foam: by changing the slurry viscosity or by repeating
the dipping phase several times, the strut (or ligament) thick-
ness (i.e., porosity) can be accurately adjusted. The morphology
of the foam cells and strut tapering are other two foams
parameters studied in this work. They can be modified during
foaming of the polymeric templates used for replica [2] or, as
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for cells stretching direction, it can be selected by cutting ori-
ented smaller pieces from a bigger block. More recently, replica
was also applied on engineered polymer scaffolds obtained by
3D printing [6].

Advanced ceramics are extensively applied as constituent mate-
rials for ceramic foams [7]. In particular silicon carbide highly por-
ous reticulated ceramics, thanks to their open interconnected
porosity and superior thermo-mechanical properties [8,9], are used
for high temperature applications where a very hot fluid flows
through their porosity. These applications are: porous burners
[10–13], catalytic reactors supports [14,15] and concentrated solar
absorbers [16,17].

Reticulated Si–SiC foams are characterized by an interconnected
network of intercommunicating cells whose edges are made of so-
lid ligaments. The flowing fluid behavior through the cells, and the
associated convective heat transfer between the ligaments outer
surface and the fluid has been widely studied in the past years.

The numerical modeling approaches used to describe these
phenomena can be divided in two major classes:

� Local thermal equilibrium (LTE) models [18], where fluid and
solid phases are in local thermal equilibrium.
� Local Thermal Non-Equilibrium models, which assumes that

there is a finite temperature difference between the fluid and
the solid phase [19].
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Fig. 1. Tetrakaydecahedron cell.

Nomenclature

A Area of the foam surface, m2

D Tetrakaydecahedron cell width, m
h mean convective heat exchange coefficient, W/m2K
H tetrakaydecahedron cell height, m
k Turbulent kinetic energy, m2/s2

L Length of the major tetrakaydecahedron ligament, m
LC Length of the schematic foam element, m
_m mass flow rate, kg/s

p pressure, Pa
_Q heat flux, W
Rex Cell ligament radius at the node, m
Rmin Cell ligament radius at its center, m
t Cell ligament tapering, –

T Temperature, K
Tf,avg Fluid average temperature, K
Tf,in Fluid inlet temperature, K
Tf,out Fluid outlet temperature, K
Ts Foam surface temperature, K
v Fluid specific volume, m3/kg
h Tetrakaydecahedron inclination angle, degrees
e rate of dissipation of turbulent energy, m2/s3

x frequency of large eddies, s�1

gth Heat exchanger efficiency, –
g�th Heat exchanger efficiency, –
q Fluid mass density, kg/m3

Table 1
Main tetrakaydecahedron parameters [28].

Parameter Description

H = 4Lsinh Cell height [mm]

D ¼ 2 L cos hþ
ffiffiffi
2
p

L � b=L Cell width [mm]

L Length of the major ligament [mm]
b/L Ratio between ligament lengths
h Inclination angle (degrees)
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Experimental data acquisition was diffusely utilized to charac-
terize fluid flow and heat transfer in foams. The first attempt can
be traced back to Darcy’s work on porous media. More recently,
Paek et al. [20] studied thermo physical properties of highly porous
aluminum foams; they found that, for a given porosity value, the
decrease of cell size resulted in the increase of the surface area
to volume ratio with consequent increase of flow resistance and
pressure drop. According to the reported results they demon-
strated that permeability is influenced by both porosity and cell
size.

Bonnet et al. [21] established simple relations between flow and
morphological parameters of metallic foams, concluding that just
pore size can be sufficient for the description of flow laws in such
highly porous materials. Hwang et al. [22] studied the heat transfer
and friction factor in a duct filled with aluminum foams with
porosity in the range of 70–95%. These authors concluded that fric-
tion factor and volumetric heat transfer coefficient increase with
decreasing sample porosity for a given Reynolds number. A similar
work was performed by Boomsma and Poulikakos [23] which com-
pressed 40 PPI aluminum foams to obtain samples with different
porosities and tested them under forced convection using water
as working fluid. They observed that the structural differences,
generated by compressing the specimens, did not have a noticeable
effect on permeability. Based on these observation, Boomsma et al.
[24] experimentally evaluated the heat exchange performance of
foams.

The present work describes how, beside porosity and cell size,
foam cell parameters such as cell inclination, foam ligament shape
and cross section can influence its convective performances. As re-
cently shown, these parameters can be purposely modified to de-
sign and produce engineered cellular ceramics [6].

In this work, foam morphology effects on convective heat trans-
fer were studied by using CFD simulations of an air flow passing
through a foam sample which was schematically described by
three tetrakaydecahedra cells; the effects of variation of cell incli-
nation angle, ligament tapering and external ligament radius were
analyzed.

2. Foam representation

Reticulated ceramic foams can be described as a lattice of open
cells with typically 12–14 pentagonal or hexagonal faces. Many
idealized geometries, with different complexity, were used in the
literature to represent and study foam thermal behavior. One of
the simplest model is a lattice of repeating cubic cells [25]. More
accurate models, such as Weaire–Phelans cells [26] and the tetra-
kaydecahedra [27] were also used to numerically evaluate the
pressure drop and convective heat transfer in foams [25]. The
Weaire–Phelan cell is theoretically more efficient in representing
the complex foam structure compared to the tetrakaydecahedral
one; however, the very limited advantages, and the increased com-
plexity in building such kind of complicated geometries makes the
tetrakaydecahedra cell the most widely used [25]. Due to the foam-
ing process of the template foam, a better cell representation is gi-
ven by the elongated tetrakaydecahedron, a polyhedron composed
of 14 faces and 36 edges (Fig. 1). To unambiguously define its
geometry, the basic geometrical parameters and correlations were
calculated by Sullivan et al. [28] (see Table 1).

In CFD studies found in the literature so far, foam structure has
been mainly represented as a lattice of repeating tetrakaydecahe-



Fig. 2. 3D rendering of a real foam; the red circle evidences ligament taperings. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. Strut geometric representation.
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dra whose edges are cylinders. As shown in a 3D X-ray computed
tomography rendering of real foam (Fig. 2), ligament produced
by polymer replica are not cylindrical. Tapering is evident, showing
how cylinders are not adequate for their representation. Therefore,
the ligament morphology was accounted in this study defining, lig-
ament tapering, as the ratio between the external ligament radius
Rex, at the ligaments nodal points and the radius Rmin at the liga-
ment center (Fig. 3).
3. Numerical simulation

3.1. Computational mesh generation

The software MatlabV.10 [29] was used to generate a paramet-
ric tetrakaydecahedra model [30]. The Matlab routines generate
the surface of the elementary cell in STL format starting from a list
of input data, namely: cell size, cell inclination, ligament radius,
and ligament tapering. Values ranges for these input data, suitable
to generate realistic geometries for the tetrakaydecahedra cells,
were defined on the basis of the results of an analysis of their ef-
fects performed in [30]. The parameters range and the correspond-
ing cells geometries are reported in Fig. 4. The algorithm then
converts the geometry into a stack of 2D black (fluid) and white
(foam) images, similar to Computer Tomography outputs. They
are imported into the AvizoFire visualization software [31] for
the generation of an intermediate surface mesh of three elemen-
tary cells. The computational grid is composed by the cells surface
mesh, a fluid boundary layer composed of hexahedral elements
and an internal fluid core mesh composed of tetrahedral elements
(Fig. 5). Domain meshing was performed with Altair Hypermesh
software [32]. To obtain an accurate description of the intricate
flow path through the ligaments network, which includes imping-
ing, separation and recirculation zones, the grid must be fine en-
ough and grid independency of results must be guaranteed.
Therefore, a grid refinement study was performed to check the
independence of simulation results from grid resolution. For one
of the schematic foam geometries, four computational grids with
increasing resolution were generated. Simulation results of heat
flux through the foam surface were then compared. This analysis
showed that no further improvements were found for computa-
tional meshes with a number of computational cells larger than
1.6 � 106. Therefore the mesh with this number of cells was kept
for performing the further CFD analysis and worked as a reference
for the mesh generation of all other foam geometries.

3.2. Modeling equations

A tridimensional and steady air flow passing through the three
cells elements was considered. It was assumed to be uncompress-
ible and with constant thermal and transport properties of the
fluid. In fact, the flow Mach number is, for all test cases,
Ma� 0.3 and the observed temperature variations do not have
any relevant influence on the fluid properties. The flow Reynolds
number was calculated using the mean cell size as characteristic
dimension and, on the basis of the evaluation of the critical value
of the Reynolds number for flows in porous media, the flow was
modeled as turbulent. Therefore, the flow modeling equations in-
cluded: steady state continuity, Navier–Stokes, energy, and turbu-
lence model equations. Fluid density was evaluated via the ideal
gas law, whereas to air heat capacity, viscosity and thermal con-
ductivity were given constant values. The foam was assumed as
a uniform temperature solid slightly hotter than the flowing air.
Convective heat transfer was evaluated whereas radiative heat ex-
change was not taken into account being the fluid optically trans-
parent and the foam at uniform temperature.

3.3. Computational domain and boundary conditions

The computational domain can be seen in Fig. 6: it includes
three solid cells, air inside the cells and an air duct behind the cells
exit section. Three cells, the common thickness of commercial por-
ous burners [10], were considered as a sufficiently representative
elementary volume of the entire foam.

A constant velocity condition (Velocity Inlet) together with a
constant static temperature (300 K) were imposed at the computa-
tional domain inlet section, i.e., at the entrance of the fluid channel
(Fig. 6). In the different tests performed, the air velocity was varied
to 1, 2, and 2.5 m/s. The outlet section of the computational do-
main was characterized with a zero gradients condition usually
indicated as ‘‘Pressure Outlet’’ boundary condition. There, the flow
relative static pressure was assumed to be zero (the reference pres-
sure was p = 101,325 Pa). The cells were assumed to be made of
Carsik Si–SiC [33] and their surface was defined as a solid, non-slip,
impermeable wall with constant and uniform temperature equal to
330 K.

Symmetry boundary conditions were specified on the other four
computational domain external surfaces. This assumption is based
on the macroscopic characteristics of a flow entering orthogonally
into a wide plane foam: neglecting the border effects, the average
flow can be assumed to be one dimensional with average stream-
lines parallel to the inlet velocity direction. The symmetry bound-
ary condition imposed to the four long external faces of the



Fig. 4. A graphical representation of the cells generated by our algorithm varying one parameter at a time.

Fig. 5. An example of the CFD mesh used in the present work. A structured mesh is
used on solid walls.
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computational domain implies that there the velocity is only tan-
gential and that they are adiabatic.

3.4. Turbulence model

The steady state turbulent flow was solved with RANS equa-
tions, k � e and k �x turbulence models were tested. Among the
differences of these models an important one is that the former
needs a wall treatment, whereas the latter does not. In fact, be-
cause turbulent fluctuations are suppressed near the solid bound-
aries and viscous effects become important, the k � e transport
equations are not valid anymore there and they need to be comple-
mented by using the so called ‘‘wall functions’’. This special bound-
ary treatment act as a bridge between the outer flow region and
the solid wall and avoids the need to solve explicitly the turbulent
flow near the solid boundaries. The quality of the results achiev-
able with the k � e models depends strongly on the proper applica-
tion of the wall functions.

Other authors dealing with simulation of flows through foams
have successfully applied the SST- k–x model with low Reynolds
correction [25]. In the present work a series of numerical tests
were performed to identify the best performer between the models
considered. Finally the low Reynolds nature of the flow, the possi-
bility of having transitional-flow conditions for certain test cases,
and the possibility of avoiding the use of wall functions, drove
the authors to select the SST- k–x. This model is in fact able of
dealing with transitional flows and, furthermore, performs very
well close to solid walls. Additionally, the SST blending offers a
solution of the main k–x defect, the extreme sensitivity to turbu-
lence inlet values [34].

3.5. Numerical methods

The air flow was simulated via a finite volume method approach
by using the commercial CFD software ANSYS-Fluent [35]. Second
order Upwind numerical schemes [36] were used for mass,
momentum, temperature, turbulent kinetic energy, and turbulent
energy dissipation equations. The convergence of the iterative
solution process was monitored using two factors: the equations
residuals threshold value and the stability of a monitored quantity.
The former was set to 10�3 for velocity, continuity, k and x and to
10�6 for the energy equation. For the latter, the computational do-
main exit temperature value was chosen. Therefore, provided that
the residuals were under the fixed threshold, the simulations were
continued since the air exit temperature did not vary anymore for a
chosen number of successive iterations.



Fig. 6. The computational domain and boundary conditions.
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3.6. Pressure drop evaluation

The amount of work required to pump the coolant through an
heat exchanger is a critical factor for the evaluation of heat ex-
change performances and can be quantified using the pressure
drop of the fluid passing through the porous medium:

Dp ¼ pinlet � poutlet ð1Þ

Since poutlet was set equal to zero in the ‘‘Pressure Outlet’’ boundary,
the pressure drop across the foam corresponds to the value of pres-
sure measured at the inlet of the channel, i.e., pinlet. The pressure va-
lue at inlet was calculated with an area weighted average on the
inlet surface for each geometry and each inlet velocity. Pressure
trends were obtained for each of the selected cell morphological
parameters: cell inclination h, ligament tapering t, and ligament ra-
dius Rex. To allow the comparison of data corresponding to foams
with different length, pressure drops were normalized with respect
to the length of three cells LC (see Fig. 6):

Dp ¼ Dp
LC

ð2Þ
Fig. 7. CFD results, normalized pressure drop Dp vs cell inclination angle h (t = 1.01,
Rex = 0.11).
3.7. Convective heat transfer and heat exchange efficiency

The heat transfer between solid and fluid can be characterized
by the mean convective heat transfer coefficient h defined as:

h ¼
_Q

A ðTs � Tf ;avgÞ
ð3Þ

where _Q is the heat flux through the solid surface, A is the heat ex-
change solid surface, Ts is the surface temperature and Tfluid,avg is the
average fluid temperature:

Tfluid;avg ¼
Tf ;in þ Tf ;out

2
ð4Þ

Depending on the cell morphology, the solid cell ligaments can op-
pose more or less resistance to the fluid flow. Therefore, to perform
a weighted performance comparison of different cell morphologies,
both the convective heat transfer and the pressure drop required to
pump the fluid through the porous medium should be taken into
account. In this work, the heat exchanger efficiency of the different
foams was calculated as the ratio of the power exchanged between
foam and fluid, namely _Q and the pumping power:

gth ¼ _Q �
_mDp
q

� ��1

ð5Þ

where _m is the air mass flow rate and q is its mass density. The heat
exchanger efficiency gth can be also read as the ratio of the energy
exchanged per unit mass of fluid and the specific flow work:
gth ¼
_Q
_m

 !
� ðvDpÞ�1 ð6Þ

where v is the fluid specific volume.

4. Results discussion

4.1. Test cases matrix

The test cases matrix for the CFD simulations was build with the
‘‘one factor at a time method’’. This lead to 21 different foam sam-
ples that were then tested for three different air inlet velocities
each. These test matrix led to a total of 63 CFD simulations. The cell
morphology factors varied are: cell inclination angle, ligament
tapering, and ligament radius. The air flow velocities applied are
1, 2, 2.5 m/s; air inlet temperature and foam surface temperature
were kept constant at 300 K and 330 K respectively. Results of
the simulations are reported in Figs. 7, 9, 10, 12–15 and com-
mented below.

4.2. Cell inclination angle

Fig. 7 shows how increasing the cell inclination angle the nor-
malized pressure drop, Dp, decreases. The reason of this behavior



Fig. 8. Cell geometry evolution for the increasing cell inclination angle h (t = 1.01, Rex = 0.11). View perpendicular to the flow direction.

Fig. 9. CFD results, heat exchange performance, gth, vs cell inclination angle h
(t = 1.01, Rex = 0.11).

Fig. 10. CFD results, heat exchange performance for unit foam length, g�th , vs cell
inclination angle h (t = 1.01, Rex = 0.11).
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is given by the reduction of tortuosity of the flow paths. This can be
seen in Fig. 8 where cells with inclinations angle h of 30� and 60�
appear as a compression or an extension in the flow direction of
the undeformed reference cell with h = 45�. Therefore, when
increasing the cell inclination angle, the struts become more
aligned with the flow direction reducing, as a consequence, the
aerodynamic resistance. This is an anisotropic effect that explains
why the pressure drop increases notwithstanding the foam poros-
ity reduction [30]. When the inlet air velocity is increased the pres-
sure drop through the foam increases too for all h values.

The heat exchange efficiency, gth, is plotted vs the cell inclina-
tion angle in Fig. 9. The trend is not monotonous and this is espe-
cially evident for the case at V = 1 m/s for h < 50�. A continuous gth

increase occurs for h > 50�. It is important to observe that, contrary
to the variation of cell ligaments tapering and radius, changing the
cell inclination angle has influence on the foam element length LC

also. As an example we have that:

LC;h¼60� ¼ 2:26 � LC;h¼30� ð7Þ

Therefore to evaluate the foam performance excluding the depen-
dence on its length, the heat exchanger efficiency was calculated
by using heat flux and pumping work per unit length. Results for
this efficiency, named g�th and reported by Fig. 10, show a continu-
ous growth with cell inclination angle h.
4.3. Ligament tapering

Fig. 13 shows the trend of normalized pressure drop Dp/LC as
function of the ligament tapering t. The three sets of data, corre-
sponding to different inlet air velocities, show a fast decreases up
to a tapering value around 2.5 and then tend to asymptotic values.
Fig. 11, that shows graphically the evolution of channel cross sec-
tion with the tapering variation, helps in finding the reason of this
behavior. In fact, when the tapering increases from 1 to 5 the cross
section available to the fluid flow increases. Fig. 11 shows that a
relevant variation of this cross section occurs passing from t = 1
to t = 3, whereas the variation is much less evident when passing
from t = 3 to t = 5. Another view of the tapering variation effect is
given by Fig. 12 where the fluid velocity contours on a cell middle
plane oriented parallel to the flow main direction are shown for
t = 1 and t = 5. From this Figure, it can be seen that the flow cross
section between two adjacent cells increases with the tapering
leading to an easier air passage at high t.

Similarly to what observed for cell inclination, also in the case of
ligament tapering variation, an increase of fluid inlet velocity gen-
erates an increase of the normalized pressure drop (see Fig. 13).

Finally, Fig. 14 shows that the increase of cells tapering is ben-
eficial to the foam heat exchange efficiency. The best advantages
are for tapering variation in the first part of the t range, whereas
an asymptotic behavior of the efficiency can be seen for t > 2.5.



Fig. 11. Different cross sections of the channel perpendicular to the flow direction obtained by increasing the ligament tapering factor t (h = 45�, Rex = 0.11).

Fig. 12. Fluid velocity distribution for t = 1 and t = 5 showing the development of a preferential internal flow path for t = 5 (h = 45�, Rex = 0.11).

Fig. 13. CFD results, normalized pressure drop Dp vs cell ligament tapering t
(h = 45�, Rex = 0.11).

Fig. 14. CFD results, heat exchange performance, gth, vs cell ligament tapering t
(h = 45�, Rex = 0.11).
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4.4. Ligament radius

Fig. 15 shows the Dp behavior with ligament radius Rex varia-
tion. The three data sets corresponding to the three explored air in-
let velocity values show that the normalized pressure drop
increases with the external ligament radius. In fact, when Rex in-
creases, the foam porosity decreases and, as a consequence, there
are larger solid obstructions to the fluid flow.

The shown pressure drop trend is relevant also for the heat ex-
change performances of the foam. In fact, as shown in Fig. 16, not-
withstanding the increase of heat exchange surface produced by



Fig. 15. CFD results, normalized pressure drop Dp vs cell ligament radius Rex

(h = 45�, t = 1.01).

Fig. 16. Heat exchange performance, gth, vs cell ligament radius Rex (h = 45�,
t = 1.01).
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the external ligament radius increase, the heat exchange efficiency
decreases. It can be noticed that the negative slope of the efficiency
is higher the larger is the air flow velocity.
5. Conclusions

In this work numerical simulations of the convective heat trans-
fer in ceramic foams schematically represented by a tetrakaydeca-
hedron structure were presented. The CFD simulations were
performed with a Finite Volume Approach and the commercial
software ANSYS/Fluent. Different foam geometries were generated
with the aim of evaluating the influence of morphological param-
eters such as ligament tapering, external ligament radius and cell
inclination angle on the foam heat exchange performance. Pressure
drop and heat exchanger efficiency for an air flow passing across
constant temperature hotter foams were evaluated. The main re-
sults of the 63 simulations performed with the different foam
geometries can be summarized as follows:

� The normalized pressure drop decreases when ligament taper-
ing and cell inclination angle increase; in fact, this geometry
modifications reduce the foam obstruction and, as a conse-
quence, the resistance to the fluid flow. On the contrary,
increasing ligament radius will increase the solid phase and,
therefore, the obstruction to the fluid flow. This leads to higher
normalized pressure drop values and to higher effective friction
factors.
� An increase of heat exchanger performance was measured

when increasing cell inclination angle and ligament tapering,
whereas a decrease was noticed when increasing ligament
radius.
� Ligament radius variation, i.e., effective density variation, rev-

eled to have higher relevance with respect to the other two
parameters. This difference becomes weaker for the high values
of the ligament radius.
� Increasing cell inclination angle and strut tapering, the heat

exchanger efficiency increases, whereas increasing the ligament
radius yields an efficiency reduction.
� For all morphological parameters, an increase of fluid velocity

generates a pressure drop increase and a decrease of heat
exchanger performances.
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