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Abstract: A new geometric modeling of isotropic highly-porous cellular media, e.g., open-cell metal,
ceramic, and graphite foams, is developed. The modelling is valid strictly for macroscopically two-
dimensional heat transfer due to the fluid flow in highly-porous media. Unlike the current geomet-
rical modelling of such media, the current model employs simple geometry, and is derived from
equivalency conditions that are imposed on the model’s geometry a priori, in order to ensure that
the model produces the same pressure drop and heat transfer as the porous medium it represents.
The model embodies the internal structure of the highly-porous media, e.g., metal foam, using
equivalent parallel strands (EPS), which are rods arranged in a spatially periodic two-dimensional
pattern. The dimensions of these strands and their arrangement are derived from equivalency con-
ditions, ensuring that the porosity and the surface area density of the model and of the foam are
indeed equal. In order to obtain the pressure drop and heat transfer results, the governing equations
are solved on the geometrically-simple EPS model, instead of the complex structure of the foam. By
virtue of the simple geometry of parallel strands, huge savings on computational time and cost are
realized. The application of the modeling approach to metal foam is provided. It shows how an EPS
model is obtained from an actual metal foam with known morphology. Predictions of the model are
compared to experimental data on metal foam from the literature. The predicted local temperatures
of the model are found to be in very good agreement with their experimental counterparts, with a
maximum error of less than 11%. The pressure drop in the model follows the Forchheimer equation.

Keywords: metal foam; graphite foam; geometric modelling; heat transfer; porous media

1. Introduction

Highly-porous open-cell media include open-cell metal foam (e.g., aluminum, cop-
per, nickel) and graphite foam. These foams can have porosities exceeding 90%. They are
composed of cells and ligaments that form pores or windows, which is shown in Figure
1. Many of these highly-porous media, such as well-produced aluminum foam made by
casting over polymeric pre-forms, are practically isotropic and have uniform average ge-
ometrical properties [1,2]. There are a few thermal advantages of metal foams. The ad-
vantages stem from their high solid-phase conductivities, very large surface area (up to
10,000 m?/m?3) [3-5], and their good permeability, which is in the order of 10-® m?2 [6-9].
Additionally, the foams’ internal structure causes vigorous mixing, which augments con-
vection heat transfer. Thermal applications of metal foams have been sought in compact
heat exchangers [10-14], the thermal management of fuel cells [15,16], and high-power
batteries [17]. Combining aluminum foam with phase change materials caused a 50% tem-
perature drop and provided a uniform temperature of Li-Ion batteries [18]. The combina-
tion has been considered for the cooling of portable [19,20] and other electronics [21,22].
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The use of metal foams is also envisioned in metal hydride reactors [23], catalytic reactors
[24], turbojet engines [25], and geothermal power plants [26].

7.6 cm

Figure 1. Photograph of a block of open-cell aluminum foam with 20 pores per inch. (Photo taken
by author).

Studying the foam by direct numerical simulation is computationally demanding; it
can require millions of computational elements. For example, 1.5 million elements were
used to analyze ten foam cells [27]. The common analytical approach for studying
transport in the foam is to average the microscopic governing equations over an elemen-
tary volume: the volume-average theory. The smallest representative elementary volume
(REV) for metal foam is eight cells (two in each direction) [28]. The resulting macroscopic
momentum and energy equations require four closure terms: permeability, inertial coef-
ficient, thermal dispersion conductivity, and interstitial heat transfer coefficient. These
closure terms need to be determined experimentally [29] or from correlations [30]. To
solve the resulting averaged equations for a full REV, the number of numerical elements
will be too large. For example, to analyze an REV of 10-ppi foam with a porosity of 93.2%,
the number of elements would be in the order of 200 million [31]. The volume-average
theory, conceived for tight porous media, has produced some unacceptable results when
applied to highly-porous metal foam. For example, this theory predicts that the hydrody-
namic entrance length in any porous medium is of order KV /v, where K is the permea-
bility, V is the Darcy velocity, and v is the kinematic viscosity [32,33]. For packed 1-mm
spheres, the porosity is 35% and the permeability is 10 x 10-10 m? [34], whereas for a metal
foam with a porosity of 87.6%, the permeability is 5.3 x 10 m? [35]; thus, at the same
velocity, the entry region in the foam is about two orders of magnitude longer compared
to the spheres. Microscopic simulations [36] have shown that the hydrodynamic entry
length for air flow in metal foam having a cell diameter of 5.1 mm is 30.5 mm, compared
to 1.7 mm predicted by the volume-average theory (at the same Reynolds number). This
clearly shows the disparity between the two approaches when it comes to hydrodynamic
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development. Sachan et al. [37] indicated that the volume-average theory may not be valid
for metal foams.

Another approach for capturing the complex structure of metal foam and similar
highly-porous media is by using micro-computed tomography (uCT) [38—41]. Governing
transport equations are then solved over the reconstructed foam structure. Tomography
machines are very expensive. Moreover, uCT data require powerful computers in order
to capture and reconstruct the 3D structure of the foam from 2D images, and then to solve
the governing equations over this complex structure. Typically, researchers scanned small
foam samples and investigated transport on these samples, e.g., 8 mm? [38], 9 mm? [13],
10 x 11.7 x 11.7 mm [28], which is inadequate for capturing entry/boundary effects, and
thus the obtained results are only valid for fully-developed or periodic conditions. Even
though larger samples can be scanned, the maximum sample size depends on the resolu-
tion of the uCT machines. Also, when using uCT, morphological and transport properties
of a specific foam structure are obtained individually on a case-by-case basis. This pre-
vents performing sizable systematic studies on multiple samples in order to yield general
relations among various parameters.

In order to save costs and time, researchers have modeled the complex geometry of
metal foam using ‘idealized’ cells that are intended to capture the relevant characteristics
of the foam'’s structure [24,27,42]. The widely used cells [43] are the Kelvin tetradecahe-
dron cell [44-47] and Kelvin-like cells [48]. The foam's structure has also been generated
by Laguerre-Voronoi tessellations [49]. Kumar et al. [50] investigated the effect of strut’s
cross-sectional shape on the thermo-hydraulic properties of metal foams when they are
represented by circular, square, diamond, hexagon, and star strut shapes. It was shown
that the cross-section shape had an influence on the thermal and hydraulic phenomena in
the foam.

In order to calculate the effective thermal conductivity, Bhattacharya et al. [51] rep-
resented the foam structure with two-dimensional hexagonal units with circular intersec-
tions. The same representation was used by [52], but the intersections were square. Hu et
al. [53] represented the foam structure by tetrakaidecahedra to investigate the dehumidi-
fying process of moist air in metal foam. The same structural unit was used by [54] to
determine the surface area density of foams. Miwa et al. [55] utilized a geometrical cell
that has exterior cubical skeleton with interior struts.

Issues with current geometrical modeling include the complexity of cell structures,
the multi-steps needed to create the models, and the effort needed to duplicate cells for
large numerical-solution domains. Because of the complex cell structures, solutions usu-
ally require considerable computational power and time. Certain models have limitations
in terms of the foam than can be represented by them. For example, the body-centered-
cube (BCC) model is limited to a foam porosity higher than 93% [55]. Other issues with
the BCC model is the difficulty of adjusting the ligament thickness and the pore diameter
independently [55]. Existing geometrical-modeling studies have typically assumed fully-
developed conditions by using a single (periodic) cell or few cells in their simulations, e.g.,
in [40,41]; as such, critical boundary and entrance effects are automatically not investi-
gated. Sachan et al. [37] has shown that these effects are considerable in foams.

Modeling efforts seem to be primarily focused on trying to match the geometrical
shape of the internal structure of the foam [27,56-58], not on matching pertinent morpho-
logical properties (e.g., porosity and surface area). By doing so, they inadvertently com-
promise the critical matching of key transport properties, e.g., effective thermal conduc-
tivity and convection heat transfer coefficient. Thus, not surprisingly, some of the ideal-
ized structures poorly predict heat transfer and pressure drop as compared to actual struc-
tures of foam [59,60]. Actually, several foam’s modeling studies have recorded significant
differences between predictions of their models and experimental data, e.g., in [27,56,58].

It is evident that there is a need for robust modeling of highly-porous media such as
metal foams, so that cost and time of investigating flow and heat transfer therein can be
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reduced. To that end, the modeling needs to be manageable in terms of geometric com-
plexity. More importantly, any geometric model must possess the equivalent properties
as the foam, such that pressure drop and heat transfer in the model match their counter-
parts in the actual foam. This kind of matching is far more important than matching geo-
metrical shapes. The current paper is a first attempt at addressing some of these critical
points. The novelty and advantages of the current model described in this paper —over
existing models and other approaches for studying heat transfer in highly-porous me-
dia—can be summarized as follows. The current modeling effort is focused on matching
pertinent heat transfer properties, e.g., effective thermal conductivity and convection heat
transfer area, in order to better predict the combined conduction/convection heat transfer
in metal foam. Unlike previous modeling, the current modeling employs a very simple
geometry that is easy to duplicate, and saves computational time. The simple geometry is
conducive to constructing a large computational domain quickly. The model presented
here mitigates the need for expensive micro-computed tomography. In addition, the pre-
sent model avoids the use of the volume-average theory, which seems to produce unac-
ceptable results when applied to highly-porous media such as metal foam.

2. New Model Rationale and Development

When a highly-porous cellular material, e.g., open-cell metal foam, is attached to a
heated solid surface and subjected to fluid flow, the thin ligaments of the foam conduct
heat from the heated surface, which is subsequently convected to the through-moving
fluid. The ligaments have small diameters compared to the cell diameter. For example, for
a 97%-porous aluminum foam with a 6.90 mm cell diameter, the ligament diameter is 0.41
mm [27]. This foam can be represented by equivalent parallel strands (EPS) made from
the same material as the foam, and attached perpendicularly to the same solid surface.
This modeling pertains strictly to two-dimensional heat transfer, e.g., a metal-foam heat
sink and metal foam sandwiched between two parallel plates with one or both plates
heated. To ensure that the EPS and the foam produce the same heat transfer and pressure
drop, the geometrical parameters for the EPS will be strategically derived from the actual
morphology of foam, as explained below.

In one manifestation of the EPS, the strands can be thin circular cylinders arranged
in a staggered fashion. For this case, the foam is actually represented by thin cylinders of
equal diameter, as in tube banks or pin fins. The geometry of the EPS is not arbitrary, but
is governed by the morphology of the foam. The geometry of an EPS model is fully de-
scribed by the cylinder’s diameter as well as the longitudinal, transverse, and diagonal
pitches. Figure 2 shows a top view of an EPS, identifying the width W, length L, and height
H (not shown). Assume that the EPS is attached at the bottom to a solid wall to apply heat,
as in the case of a heat sink. The geometric parameters of the EPS can be determined using
modeling relations (conceived for the first time). To ensure that the EPS and the foam are
equivalent in producing the same transport effects, conditions are imposed on the model-
ling a priori. The equivalency conditions will yield equations that will be eventually solved
to yield the geometrical parameters of the EPS model, as expounded next.
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Figure 2. Top view of the proposed EPS model showing its length L and width W. The longitudinal,
transverse, and diagonal pitches for the equilateral-triangle arrangement is also shown. The unit for
all of these parameters is mm.

e  Conduction Equivalency Condition and First Modelling Relation:

The conduction in the solid phase of the foam is governed by the effective thermal
conductivity, which is primarily a function of porosity [48,60,61]. The gas flow in the metal
foam dispersion is negligible [62]. The porosity of the foam ¢ is the ratio of the void frac-
tion to the total volume of the foam. The first equivalency condition is that the porosities
of EPS and foam must be equal:

€ = &y (1)

For isotropic foam, the contact area between the foam and the wall is governed by
the solid fraction of foam, which is 1 — &;. Unlike packed spheres, the porosity of foams
is constant even close to solid boundaries [57]. The percentage of the contact area
%A on (the area where the cylinders contact the wall) to the total wall’s area is given by
%Acon = 1 — &. To take this further and illustrate the development of the EPS model,
the cylinders’ arrangement of Figure 2 is considered. This is a staggered arrangement with
a longitudinal pitch S, transverse pitch Sr, and diagonal pitch Sp. One can define a re-
peating unit: an area having a length S; and width S; surrounding a typical EPS cylin-
der (the dotted small rectangle in Figure 2). If the diameter of a typical cylinder is D, then
the contact area is given by %A, = (tD?/4)/SrS,. Substituting for %A, in the
above equation, the following is obtained:

1 — gf == 7TD2/4‘/STSL (2)

This is the first EPS modelling relation. It relates the longitudinal pitch S, and trans-
verse pitch Sy of the EPS model to the porosity of the foam.

e  Convection Equivalency Condition and Second Modelling Relation:

The internal surface area of the foam controls the convection in such materials to a
large extent. This is, of course, in addition to the heat transfer coefficient, geometry, and
temperature difference between the solid and fluid inside the foam. In an attempt to have
the EPS model produce the same heat transfer as the foam, the second equivalency condi-
tion imposed is that the surface area of the foam and that of its EPS model must be equal:

OF = Op 3)

The surface area of metal foams is often given in the literature [57,58], or can be cal-
culated [48,63,64]. Sometimes it is available by manufacturers, e.g., in [65]. Based on
Figure 2, the surface area (per unit volume) of the EPS is given by o, =
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n(rDH)/LWH = n(nD)/LW, where n is the number of cylinders in a volume LWH.
Based on a single cylinder, the EPS is given by o,,, = (DH)/S;S H = (nD)/S;S;. Sub-
stituting in the surface area equivalency condition in the second EPS modelling relation is
obtained as:

This is the second modeling relation. It relates the longitudinal pitch S; and trans-
verse pitch Sy of the EPS model to the surface area density of the foam.
Equations (2) and (4) have three unknowns: D, Sr, and S;.

e  Staggering Option and Closing Set of Modelling Relations:

The remaining set of modelling relations depends on the choice of strands’ staggering
arrangement. For example, for the equilateral-triangle arrangement shown in Figure 3,
there is a relationship between the three pitches; namely S, = S; = (2 / \/§)S .- Once this
is substituted in Equations (2) and (4), only two unknowns D and S, remain, and the
resulting two equations are solved simultaneously to yield Equations (5)—(8):

fSL

Figure 3. The equilateral-triangle arrangement. The longitudinal, transverse, and diagonal pitches,
as well as the diameter, are measured in mm.

D = 4(1 - Ef)/O'f (5)
s = 2 2n(1 — &) ©)
D O_f \/§
1
S =— \/2\/§n(1 — &) @)
¥
2 2n(1 — &)
Sp = — |[—————= ®)
T O_f \/g

Note that in these last four equations, D, Sp, S;,and S; (the full description of the
EPS) are completely expressed in terms of the foam’s porosity & and surface area density
gr. The following procedure illustrates how the results of this section can be applied to
study heat transfer and pressure drop in metal foam:

(a) Start with metal foam with known porosity and surface area density, in which heat
transfer and pressure drop are of interest;

(b) use these two known morphological properties of the foam, and find the geometrical
properties of the tube bank (EPS) that would produce the same heat transfer and
pressure drop for this foam. The geometrical properties of the tube bank are obtained
using Equations (5)—(9);

(c) construct this tube bank geometry (EPS) in a numerical package, e.g., ANSYS;
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(d) investigate (solve the momentum and energy governing equations) over this tube
bank in the numerical package. The resulting heat transfer and pressure drop of this
step will be the same as those of the foam.

These steps, and the way the current modeling is employed, are illustrated by the
following example.

3. Example and Numerical Solution on EPS

Consider a block of commercial open-cell aluminum foam having 20 pores per inch
(ppi). Let the dimensions of the cross-section of the foam be W =10.16 cm (4 in) and H =
10.16 cm (4 in). The length of the block in the flow direction is L =5.08 cm (2 in). The block
is brazed to a 3-mm thick solid aluminum base. The aluminum block acts like a heat sink:
it is heated from the bottom with a constant heat flux of 29,900 W/m? and is cooled by the
air. The cross-sectional area is open to the flow, while all other sides are insulated. The
porosity is 78.2%, which can be determined by comparing the weight of the foam to the
weight of an equivalent volume of solid aluminum alloy from which the foam is made.
The surface area density for this 20 ppi foam is available directly from the manufacturer
[65]:

of = 442.2In(1 — &) + 2378.6 (m?/m?) )

It should be noted that the surface area depends on the ppi, so the surface area and
the porosity are independent. For this foam block, knowledge of the porosity and surface
area density, along with a choice of staggering arrangement, are sufficient to determine
an EPS. Employing an equilateral-triangle arrangement, the EPS representing this foam
block is obtained using Equations (5)—(8), and is shown in Figure 4. The diameter of each
cylindrical strand in the EPS is 0.41 mm, and diagonal Sj, longitudinal S;, and transverse
Sy pitches are 1.37, 1.19, and 1.37 mm, respectively.

S&)

Figure 4. An equivalent-parallel-strands model for a metal foam block heated from the bottom. The
x- and y-coordinates are measured in mm.

The EPS was imported into a numerical package, i.e., ANSYS, and the microscopic
governing equations for energy and momentum were solved. To save time, and due to
symmetry, only a thin representative slice with a width of 1.37 mm, a height of 50 mm,
and the full length in the flow direction of 50.8 mm was used as the solution domain. This
segment includes 21 EPS cylinders, and is shown after meshing in Figure 5.
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Insulation

Figure 5. A representative section of the EPS model as a solution domain with meshing. The x- and
y-coordinates are measured in mm, while the velocity V is measured in m/s, the inlet temperature
Tin in K, and the heat flux q” in W/m?.

The CFD solver within ANSYS was used to solved the governing equations for the
conservation of mass, momentum, and energy in two dimensions. The velocity compo-
nents were u and v in the x- and y-directions, respectively. The flow was assumed laminar
and incompressible with constant properties. The governing equations [27,39] are pre-
sented below in the form of the dependent variables u, v, P, and T:

Continuity:
ou 4 ov 0 10
ox = dy (10)
Momentum:
rection: plu 4 2] = _% 4 [P, o
x-direction: p[u o vl = Tax tulpzt ayz] (11)
rection: plu + p2] = _2 4 [0 4 0
y-direction: p [u o T vl = 7o + [axz + ayz] (12)
. aT aT a1 a%T
Energy equation: pc [ua + vl = k [ﬁ + 22 (13)

where k and ¢ are thermal conductivity and specific heat of the fluid, respectively.
The following boundary conditions were imposed:

aT " o
Aty—O,kE—q,u—v—O (14)
aT
Aty=H, 3 = Obu=v=20 (15)
Atx =0, T =Ty, u=u, v=20 (16)

A mesh independence study was conducted in order to establish both the accuracy
and independence of the results from the mesh employed. It was also conducted to save
time and computational cost. Three types of meshing were used: coarse, medium, and
fine. The number of nodes and the simulation time for three meshes are listed in Table 1.
There was a minor change in the results (0.17%) between the medium and fine meshes,
and the medium mesh was used in all investigations. The number of computation cells
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was 1,072,143. A laptop with a processor with four cores and eight logical processors at
1.6 GHz and 8 GB of RAM was used. A typical run took 7 h and 15 min.

4. Numerical Predictions of the EPS Model

For an inlet air temperature T, of 300 K and a velocity u, of 2.5 m/s, Figure 6 shows
the air temperature as a function of y (distance from the heated base) at three different
axial locations measured form the inlet X = 6.53 mm, 19.05 mm, and 31.75 mm. The same
information is given for velocity 2.71 m/s in Figure 7. For these two velocities, the Reyn-
olds numbers based on the permeability of the foam are 37.4 and 40.6, respectively, which
indicates that the flow regime is laminar [35,66].

ANSYS

2019 R3 2019 R3
ACADEMIC ACADEMIC

contour-2
Static Temperature

3.31e+02
3.28e+02
3.25¢+02
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Figure 6. Temperature distribution for: (a) u, =2.50 m/s and (b) u, =2.71 m/s. Temperatures are given in K.
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Figure 7. Pressure drop per unit length in flow direction as predicted by the EPS model with an equilateral-triangle ar-

rangement.

It is clear that the temperature behavior at the qualitative level makes sense and is
expected. The temperature decreases as the distance from the heated base increases. It is
at its maximum at the heated base, as indicated by the red color in Figs. 6 and 7. At a
sufficiently far location from the heated base, the air temperature is cooler, and it is equal
to the inlet air temperature shown in blue. In addition, the temperature increases in the
flow direction due to continuous heating of the cooling air as it travels through the heat
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sink. As the velocity increases from 2.5 to 2.71 m/s, the cooling of the EPS is more efficient
because of higher convection rates at the higher velocity. Also, the colored region (outside
the blue region) is shorter, and heat transfer is confined to a smaller region closer to the
heated base. While these trends are encouraging, a direct quantitative comparison to ex-
perimental heat transfer data in metal foam is needed in order to establish the validity of
the modeling approach, which will be shown below.

One key parameter for investigating engineering designs employing forced convec-
tion heat transfer in metal foam is the associated pressure drop. Figure 7 is a plot of the
pressure drop predicted by the EPS per unit length (in the flow direction) as a function of
average flow velocity. It is clear that the EPS model produces pressure drop data that
strongly follow the Forchheimer equation for porous media, including metal foam [8]:

AP u )
— = 2V + pCV (17)

In other words, the functional relationship between the pressure drop and the aver-
age velocity is quadratic, which is the same behavior found in metal foam. This is encour-
aging and suggests the possibility that the pressure drop in the EPS model can, albeit with
some adjustment, be made to match the pressure drop in metal foam. The adjustment
incudes changing the staggering arrangement, while keeping the porosity and surface
area density of the EPS model equal to their counterparts in the foam. Nonetheless, exper-
imental pressure drop data is needed in order to directly compare pressure drop and fur-
ther validate the model.

5. Experimental Validation

Dukhan and Chen [67] measured steady-state local temperatures in a metal foam
block subjected to a constant heat flux with air flowing through it to remove the heat. The
current EPS modeling is used to model one of the foam blocks of [67], and then the pre-
dictions of the model are compared to the experimental temperatures obtained by [67].
The dimensions of the cross section of the foam block of [67] were 10.16 cm (4 in) by 10.16
cm (4 in), and its length in the flow direction was 5.08 cm (2 in). The block was brazed to
a12.7 mm (0.5 in) thick solid aluminum base. The temperature measurements in the foam
were performed at the axial locations (flow direction) X =2.54, 3.81, and 4.44 cm, and at y-
locations 1.27, 2.54, 3.81, 6.35, and 8.89 cm (perpendicular to the flow direction), as shown
in Figure 8. The problem was assumed two-dimensional by [67], and all temperature
measurements were performed in the z =5.08 cm plane, where z is the coordinate perpen-
dicular to the page (not shown in Figure 8).
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L 4

Air flow

v  Heat flux
Yy

Figure 8. Experimental arrangement showing locations of the local temperature measurement and
the coordinate system of [67]. The x- and y-coordinates are measured in mm.

The foam block of [67] had the morphological properties shown in Table 1. Since the

Table 1. Properties of one sample of open-cell aluminum foam used by [67].

. . Porosit, Surface Area Density, o
Pore Density, ppi £ (%) (/1)
20 78.2 1705

porosity (78.2%) and the pore density (20 ppi) of this foam are known, an EPS model for
this foam can be constructed. The porosity is used to calculate the surface area density
according to Equation (9), which is specific to ERG aluminum foam with 20 ppi only. Us-
ing the modeling relations Equations (5)—(8), the EPS model representing this particular
foam was obtained, for which the geometrical properties are shown in Table 2. The EPS
model was constructed in ANSYS, and CFD analysis was performed on it according to
Equations (10)-(16). The same average air velocity and inlet temperature was imposed on
the EPS as those used by [67] in their experiment. The boundary conditions were also the
same for the EPS and the actual foam of [67].

Table 2. Equilateral-triangle equivalent parallel strands. Parameters for the foam sample of Table 1.

D (mm) Sp (mm) S, (mm) Sy (mm)
0.51 1.04 0.90 1.04

The EPS models’ predicted temperatures are compared to their experimental coun-
terparts of [67] in the following figures. Figure 9 represents an average air speed of 2.5
m/s. In this figure, parts (a), (b), and (c) are for axial locations 6.35 cm, 19.05 cm, and 31.75
cm, respectively. At these three axial locations, the experimental and EPS-predicted tem-
peratures are plotted as a function of y (the distance from the heated base). The two tem-
peratures agree very well, and they exhibit the same trend: the temperature increases as
the distance from the heated base decreases (note the coordinate system in Figure 8). This
is true for all axial locations; however, there are two observations. The first is that the
agreement is best at intermediate y locations, and is poorer at the heated base (y = 44.45
cm) and far away from the heated base (y = 6.35 cm). This may be caused by differences
in the flow fields of the EPS model and the actual foam close to the solid heated boundary,
which may alter convection heat transfer in that region. The other observation is that the
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agreement gets poorer as the distance from the inlet increases, meaning that the agreement
is best close to the inlet (at x = 6.35 cm, Figure 9a), and is worse far away from the inlet (at
x = 31.75, Figure 9c). The reason for this may be the existence of an exit region in metal
foam. This exit region may be different in the case of the EPS model as compared to the
foam due to geometric differences. Nonetheless, it can be stated that the agreement is gen-
erally very good, since the average error between the predicted and experimental temper-
ature is rather small, as shown in Table 3. The maximum error is 9.46%.
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Figure 9. Comparison between EPS models” prediction and the experimental data of [67] at an average air speed of 2.50
m/s and at the axial location form the inlet: (a) 6.35 cm, (b) 19.05 cm, (c) 31.75 cm.

Table 3. Percentage error between the EPS models’ predicted and experimental temperatures at an
air speed of 2.50 m/s.

Axial Location, x Average Error Maximum Error
(cm) (%) (%)
6.35 2.64 4.05
19.05 2.81 5.33
31.75 3.28 9.46

Figure 10 has a comparison between the EPS model and the actual foam of [67] at an
average air speed of 2.71 m/s. Similar observations that were made for the lower velocity
of 2.50 m/s can be made for this higher flow velocity. For the two velocities and at all
locations, the EPS model is seen to always predict lower temperatures compared to the
experimental temperatures of [67]. At this higher velocity, the difference between the
models’ predictions and the experimental temperatures is higher, as indicated in Table 4.
This is due to the fact that geometric differences between the model and the foam are
expected to play a stronger role at a higher velocity. The geometry has a stronger influence
on the flow field at higher velocities, and thus on convection heat transfer. Another issue
is that the parallel strands of the EPS are not cross-connected, while the ligaments of the
foam connect randomly in three dimensions. This contributes to a more efficient heat
transfer in the case of the foam.

The solution domain employed in this study was 1.37 mm x 50 mm x 50.8 mm, which
represented 1574 foam cells. For this large domain, only 1,072,143 computational elements
were needed, and the obtained numerical results were in very good agreement with their
experimental counterparts. This represents considerable savings in the computational
time and power needed. For example, 188,885 computational cells were needed to inves-
tigate one body-centered-cube model of a single foam cell [57], while for 20 body-cen-
tered-cube cells representing metal foam, a total 918,016 computational elements we
needed in the numerical solution of [36]. As for solving the governing equations over a
domain made of 20 Kelvin cells representing metal foam, three million numerical cells
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were needed [56], and for the Laguerre-Voronoi structure representing 10 foam cells, eight
million computational cells were needed [49]. In the case of solving a domain of 2mm x 2
mm x 10 mm of foam captured by uCT, eight million computational cells were required
[51]. These comparisons show the efficiency of the current EPS modeling.
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Figure 10. Comparison between EPS models’ prediction and the experimental data of [67] at an average air speed of 2.71
m/s, at the axial location form the inlet: (a) 6.35 cm, (b) 19.05 cm, (c) 31.75 cm.

Table 4. Percentage error between the EPS models’ predicted and experimental temperatures at an
air speed of 2.71 m/s.

Axial Location, x Average Error Maximum Error
(cm) (%) (%)
6.35 3.05 3.85
19.05 4.05 8.38
31.75 3.55 10.67

6. Conclusions

A new modelling technique for highly-porous metal foam and similar porous media
has been presented. The modelling is valid strictly for macroscopically two-dimensional
heat transfer due to the fluid flow in highly-porous media; for example, metal-foam heat
sinks and metal foam packed between two parallel plates, with one or both plates heated.
The modeling is designed to produce a simpler geometry than the foam’s complex struc-
ture, and thus save time and computational costs. The new paradigm stresses that, instead
of focusing on geometrical shape similarity, the modeling should strive to match key mor-
phological and transport properties of the foam, so that pressure drop and heat transfer
in the model are as close as possible to those of the foam. The modeling technique was
illustrated by an example, and partially validated by comparison to experimental local
temperatures in actual foam from the literature. Good agreement was obtained for all tem-
peratures. The case considered in the comparison was for cylindrical strands in an equi-
lateral-triangle staggered arrangement, and one metal foam with one pore density was
considered. Further verification and experimental data are needed to establish the robust-
ness of the modelling and to identify its limitations. The pressure drop in the equivalent
parallel strands model obeyed the Forchheimer equation, suggesting that the strands fol-
lowed the Forchheimer equation for porous media just like open-cell metal foam. How-
ever, pressure-drop predictions of the model need to be directly compared to actual pres-
sure-drop data from experiments on actual foam. Such a comparison may lead to ways of
improving the model and/or calibrating it.
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Nomenclature
Acon contact area
C specific heat of fluid (k]/kg. K)
C form drag coefficient (m™)
D diameter (mm)
EPS equivalent parallel strands
H height of model or foam (cm)
k thermal conductivity (W/m K)
K permeability (m?)
L length of model or foam in flow direction (cm)
n the number of cylinders in EPS
ppi pore per inch
q" heat flux (W/m?2)

diagonal pitch (mm)

longitudinal pitch (mm)

transverse pitch (mm)

temperature (K)

velocity in x-direction

Darcian velocity (m/s)

velocity in y-direction

width of model or foam (cm)

axial coordinate along the flow direction
coordinate perpendicular to flow direction
pressure drop (Pa)

density of fluid (kg/m?)

porosity

surface area density (m?/m3)

viscosity (kg/m s)

ISTAOMTES R ITICR SN0

foam
model
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