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Abstract

A one-dimensional heat transfer model for open-cell metal foam is presented. The model combines the conduction in
the ligaments and the convection to the coolant in the pores. The approach avoids a complete three-dimensional mod-
eling of the complex flow and heat transfer inside the foam. The temperature along the foam decayed exponentially with
the distance from the heated base. The model and the one-dimensional assumption were verified by direct experiment
on a thin aluminum foam sample of ten pores per inch for a range of pore Reynolds number. Good agreement was
found between the analytical and the experimental results.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Metal foams are a relatively new class of materials
with low densities and novel thermal, mechanical, elec-
trical and acoustic properties. They offer a great poten-
tial for significant performance gains. Their use and
applications have been widening. For example, metal
foams have been used as lightweight supporting struc-
ture in aerospace applications [1,2]. Different types of
metal foams are used as a buffer between a stiff structure
and a fluctuating temperature field. They are also used in
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geothermal operations and in petroleum reservoirs [3].
Ceramic foams are used in advanced burners and heat
pipes. And nickel foams have been used in high-power
batteries for lightweight cordless electronics [2]. Thermal
management applications of foams include compact
heat exchangers for airborne equipment, air-cooled con-
denser towers and compact heat sinks for power elec-
tronics [1]. The open porosity, low relative density and
high thermal conductivity of the cell edges, the large
accessible surface area per unit volume, and the ability
to mix the cooling fluid by promoting eddies [4], all
make metal foam heat exchangers efficient, compact
and light weight.

Current models for packed beds are not exactly
applicable to high porosity metal foam [3]. Packed beds
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Nomenclature

A area

d ligament diameter

h convection heat transfer coefficient
k thermal conductivity

L length of foam sample

m fin parameter

Nu Nusselt number in foam
P perimeter of foam sample
ppi number of pores per inch
Pr Prandtl number

q heat transfer

Re pore Reynolds number

T temperature

t thickness of foam sample

U approach velocity

u pore velocity

w width of fin or foam sample

X axial coordinate along foam sample

X nondimensional distance along foam sample
y coordinate along width foam sample

z coordinate along direction of flow

Greek symbols

] porosity

dimensionless temperature

correction factor for Nu

kinematic viscosity

relative density of foam

surface area per unit volume of foam

™

AT = oD

Subscripts

at the base (x = 0)
C cross-sectional
condf  conduction in fluid
conds  conduction in solid
conv convection
effective value
fluid
foam
pore
solid
axial direction
ambient

8><w*o§>~ar:nq

and granular media in general have a porosity ranging
from 0.3 to 0.6, while high porosity metal foams have
porosities greater than 0.9 [5].

The porous matrix consists of tortuous, irregularly
shaped flow passages. Heat transfer takes place between
the surface of the solid matrix and the fluid. The flow re-
circulates at the back of the solid fibers, and for pore-
scale Reynolds number greater than 100, turbulence
and unsteady flows occur [6]. The geometric complexity
and the random orientation of the solid phase of the
porous medium prevent exact solutions of the transport
equations inside the pores [3,7,8]. Empirical treatments,
on the other hand, require the determination of one or
more parameters experimentally. Moreover, there are
disagreements among researchers regarding the heat
transfer correlations and the characteristic length to be
used [9].

Due to their novelty and peculiar structure, metal
foams are still incompletely characterized. Although
the knowledge base is improving with time, the recent
upsurge of utilizing high porosity media in contempo-
rary technologies makes the need for fully characterizing
them more urgent. In terms of heat transfer, simple
reliable models of the heat transfer for foam would
certainly help the engineering research community.

A number of studies were undertaken to fill this
information gap. Decker et al. [7] provided detailed
experimental characterization and numerical modeling
of the heat and mass transport properties of highly por-
ous media for solar receivers and porous burners. They

considered the foam as a pseudo-homogeneous (locally-
volume-averaged) medium, where the solid and the fluid
phases were treated as an artificial single phase with
effective properties.

Many researchers focused on determining the effec-
tive thermal conductivity. Bhattacharya et al. [5], for
example, provided analytical and experimental results
for the effective thermal conductivity for high porosity
metal foams. The analytical model represented the foam
by a two-dimensional array of hexagonal cells. The
porosity and the pore density were used to describe the
porous media.

Pan et al. [10] experimentally determined the effective
thermal conductivities of foams made out of aluminum
and silicon alloys. Writz [11] presented a semi-empirical
model for the combined conduction and convection heat
transfer in a thin porous wall. The model assumed a one-
dimensional conduction in the porous matrix and a one-
dimensional flow of the coolant through the foam wall.
For the same volume of the heat exchanger, the porous
matrix provided approximately 1.5 times more heat
transfer surface than the offset strip fin array.

Kumar and Murthy [12] developed an unstructured
finite-volume numerical technique for computing the
effective thermal conductivity of complex porous media.
The porous media was made from random beds of
spheres and rods separately. For the same volume frac-
tion of the solid, the distribution of the solid phase in
the porous media had a strong effect on the effective
conductivity.
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Other researches were interested in the metal foam as
heat sinks. Bastawros [4], for example, provided experi-
mental measurements and modeling of the thermal and
hydraulic aspects of cellular metals subject to transverse
airflow. Results showed that at low velocities, the heat
flux was governed by the convective heat transfer to
the flowing fluid. At higher velocities, the heat flux was
limited by the heat conduction from the substrate to
the foam block through the constricted nodal passages
of the foam. With specific regard to cellular metals,
Bastawros et al. [6] characterized the foam morphology
based on the cell ligament diameter and the relative
density.

Kim et al. [13] numerically investigated the aniso-
tropy in permeability and effective thermal conductivity
on the performance of an aluminum heat sink. Local
thermal equilibrium between the fluid and the solid in
the foam was assumed. They showed that the anisotropy
in permeability and effective thermal conductivity had a
strong impact on the heat transfer rate.

The present work provides a macroscopic lumped-
parameter engineering treatment to determine the tem-
perature distribution in open-cell metal foams when they
are used in a forced convective heat transfer mode. The
analysis uses the typical parameters reported by the
foam manufacturers such as the porosity and the area
density, defined as the ratio of the surface area of the
foam to the volume. The simplicity and applicability
of the present approach offer a significant advantage
over previous treatments: It eliminates the need for rig-
orous microscopic analytical or numerical modeling of
the flow and the heat transfer in and around the pores.
Another advantage is that the current model is easily
verified by simple experiments, as described below. Even
though the model is derived for a thin foam sample, it
may be applicable to other shapes of foams. This extrap-
olation is expected because other researchers [2,14] have
shown that effective thermal properties, such as the con-
ductivity, were independent of the thickness of the foam
sample.

2. Heat transfer model

The current analysis seeks to develop closed form
results for a rectangular block of thin porous foam hav-
ing a constant cross-sectional area by treating it as an
extended fin. Let the block have a length L, width W
and thickness ¢ as shown in Fig. 1. Let the temperature
at the base of the foam be T}, Let a coolant flow through
the porous foam by directing it perpendicularly to one of
the foam’s surfaces as shown in Fig. 1. This condition
gives rise to forced convection heat transfer inside the
pores of the foam. The heat transfer coefficient for this
convection, hg,, is available from previous studies
[4,8]. Due to the vastly different geometry and flow field,

dx
> T,
X
Flow

Fig. 1. Schematic and nomenclature of a constant cross-
sectional-area foam sample.

hem 18 different from the common heat transfer coefficient
for the internal or external flows on solid surfaces, and
will be discussed later.

Consider now a control volume of thickness dx in the
x-direction, as shown in Fig. 2. Applying conservation
of energy for steady-state conditions to this control vol-
ume, we obtain

9y = 9ridx + 9cony (1)

Radiation heat transfer is neglected and is assumed to be
small for applications in which the temperature reaches
only moderate levels. The ratio of radiation to the total
heat transfer is between 0.5% and 4% [10]. The conduc-
tion terms are readily given by Fourier’s law; the convec-
tion term by Newton’s law of cooling. Substituting in

Eq. (1):

dTy, dT
_ksAconds ﬁ . - kacondfﬁ i
dem dem
= —kAconda——|  — ktdconar ——
s/dcon, dx e cong dx e
+ hfmAconv(Tfm - Too) (2)
9cony !
E t
9x
x+dx
w
>| dx

Fig. 2. Control volume for the foam.
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The areas for conduction in the ligaments and in the
coolant depend on the porosity, &, and were approxi-
mated by Sullines and Daryabeige [2]:

Aconas = Ac — Ap = A(1 —¢) (3)
and
Acondf - Ap - Acg (4)

where A, is the cross-sectional area and A, is the area
occupied by the pores, i.e., the coolant not the solid mate-
rial of the foam. The porosity is a property that can be
easily measured, or is reported by the foam manufactur-
ers. It is defined as the volume of the solid phase divided
by the total volume of the foam. For the control volume
of Fig. 2, the area for convection is simply given by

Aeony = 0 - A.dx (5)
where o is the surface area per unit volume, which is also
a property usually reported by the foam manufacturers.

Substituting for the heat transfer areas, simplifying and
rearranging, Eq. (2) becomes

d2 T fm hfm g

dx? _k5(178)+kf€(Tfm_Tm):0 ©)
or

2
- m0=0 ™

where 0 = %, X =% and myy, is a new parameter
named the “foam parameter” given by
m2 _ hme'Lz

fm k(1 — &) + kee
The boundary conditions for Eq. (7) are

(®)

The first boundary condition says that the tempera-
ture at the boundary of the foam is the same as the
ambient, while the other says that at the exit of the
foam, the temperature of the foam attains its maximum

value. This is the point where no more heat addition oc-
curs. The solution is the one-dimensional foam temper-
ature distribution given by:

B cosh mg, (1 — X)
0(x) = cosh mgm ®)

3. The foam average temperature assumption

The above analysis assumes that the temperature of
the solid ligaments and the coolant inside the pores of
the foam, at any x-location, are approximately the same.
This temperature is referred to as the foam temperature.
To justify this assumption, we attempted to estimate the
maximum possible temperature difference between the
solid ligaments and the fluid. To simplify the analysis,
and to present the worst-case scenario, the random
geometry of the solid ligaments, Fig. 3(a), was approxi-
mated by a bank of cylinders in cross-flow, Fig. 3(c).
Simplifications like this are not uncommon. Bhat-
tacharya et al. [S], for example, represented the foam
structure by an arrangement of cubes, Fig. 3(b).

The flow field in the foam (Fig. 3(a)) certainly pro-
vides more mixing and turbulence due to its random
geometry, while the cubic arrangement in Fig. 3(b) offers
less mixing and turbulence. This is followed by the very
simple bank of parallel cylinders (Fig. 3(c)), which offers
the least amount of mixing and turbulence. Therefore,
one may argue that if the solid and the fluid tempera-
tures are close for the last case, they must be even closer
in the first case. The following is an estimate of the tem-
perature difference in the third case. The bank of cylin-
ders is characterized by the cylinder diameter d (which
is the ligament diameter of the foam), a transverse pitch
St measured between cylinder centers.

Let the fluid’s approach velocity be U. The pore
velocity, u, in the pores of open-cell metal foam is de-
fined by Bastawros et al. [6]:

U
=1,

where p is the relative density of the foam sample.

u

(10)

@ (b)

Fig. 3. Metal foam representations: (a) actual foam structure, (b) as an arrangement of cubes, (c) as a bank of cylinders.
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The pore Reynolds number is

_ud

Y]

Re (11)
where v is the kinematic viscosity of the fluid.

Bastawros et al. [6] suggested a correction factor,
A, for the Holman correlation for a microscopic bank
of cylinders in turbulent flow, to account for the geo-
metrical difference between the foam and the bank of
cylinders:

hfmd _

Nu==2= = 0.622P¥Re®  Re > 40 (12)
f

where /g, is the convective heat transfer coefficient in-
side the foam, k¢ is the fluid thermal conductivity and
Pr is the Prandtl number. The coefficient 1 was deter-
mined by experimental calibration [6]: 2 = 0.42 4 0.09.

For a bank of cylinders, Fig. 3(c), the temperature
difference between the cylinder surface temperature T
and the fluid leaving the bank T, is [15]

Ts To — ex nthfm
o7, “P\ 7 pUN1Src,

(13)

where T is the fluid inlet temperature (7, for the foam),
N is the total number of tubes, Nt is the number of tube
rows in the transverse plane and St is the pitch.

The analysis is applied to a small portion of foam,
located in the most critical zone, Fig. 4. This zone is
subject to the air entering the foam and to the maximum
base temperature.

The diameter of the cylinders presented in the figure
is equal to the diameter of the foam ligaments. The value
of this parameter is taken from Bhattacharya et al. [5]
who employed a microscope to measure the ligament
diameter. It was found that the ligament diameter for
a 10-ppi sample is equal to 0.42 mm. To estimate the

(2

pitch, we used the pore size, which is established by
the number of pores that can be counted in a distance
of one inch (the ppi). Therefore, for a 10-ppi foam
St=2.54x10""m.

The air density and the heat capacity were obtained
from tables at 22 °C. The ligament surface temperature
was taken as the highest base temperature observed dur-
ing the experiments (44 °C). It was decided to take a
length of 2.54 cm along the fluid flow direction and a
height of 1.27 mm. These parameters would allow hav-
ing a total of 100 cylinders arranged in five rows of in
the transverse plane. This only takes into account the
horizontal ligaments. To account for the vertical liga-
ments, we doubled the number of horizontal cylinders.
This reduced the pitch to half of its original length, the
total number of cylinders to 200, and increased the num-
ber of rows in the transverse plane to ten. Substituting
these parameters, and the convective coefficient from
Eq. (12), in Eq. (13), we obtain the temperature differ-
ence. Table 1 presents the temperature difference be-
tween the surface filament and the air at 2.54 cm from
the entrance for different pore Reynolds numbers corre-
sponding to different approach velocities U.

The difference in temperature is very small: It has a
maximum of 0.21 °C at the highest pore Reynolds num-
ber. As stated earlier, the actual difference in the foam is
expected to be less and thus can be ignored.

Table 1
Estimated temperature difference between the solid and the
fluid at x =2.54 cm

Pore Reynolds number Temperature difference (°C)

75.7 0.01
168.3 0.09
216.6 0.16
241.2 0.21

Fig. 4. Representation of foam ligaments as a bank of cylinders.
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4. Experiment

In order to verify the above results, a thin sample of
commercially available open-cell aluminum foam was
tested. The sample was made from aluminum alloy
6101-T6 having a material density of 2700 kg/m>. Other
foam parameters were obtained from Ozmat et al. [16]
and ERG Materials and Aerospace [17] and are shown
in Table 2.

The dimensions of the sample were W= 101.6 mm,
t =50.8 mm and L = 241.3 mm. The sample was brazed
to a 12.7-mm thick solid aluminum base (Fig. 5). The
brazing eliminated any thermal contact resistance.

Experiments were performed in the Porous Media
Research Lab of the authors’ using a wind tunnel. The
tunnel was an open-loop wind tunnel shown schemati-
cally in Fig. 6. Room air was forced to flow into this tun-
nel by a suction fan located close to its exit. The exit had
a sliding plate that changed the size of the exit area, thus
controlling the volumetric flow rate through the tunnel.
A 5-cm thick section of flow straightener was placed
close to the entrance. The size of the tunnel’s test section
was 14.9 cm by 30.2 cm, and had an integrated mano-
meter for pressure measurements in mm of water.

The foam sample was provided with a thin thermfoil
heater having a surface area identical to its solid alumi-
num base. The heater was connected to a DC power sup-
ply to provide the electrical power. The four sides of the

Table 2

Foam parameters

7 (m?/m’) d (mm) p 6

804 0.419 0.082 0.918
50.8

= 250.8

mm
| 4
50.8 |b12~7

mm mm

Fig. 5. Schematic of the foam sample.

foam sample that constituted its outer perimeter were
insulated using 2.54-cm thick Styrofoam insulation,
and the sample was placed in the tunnel’s test section.
The other two sides were perpendicular to the flow direc-
tion and remained open to the airflow. The insulation
material ensured that the flow would travel through
the foam only, allowing only a negligible flow between
the insulation and the tunnel walls.

A total of thirteen thermocouples were used to mea-
sure the temperature at different strategic locations in
the foam as well as the ambient and the base tempera-
tures. The temperature measurement locations in the
sample are shown in Fig. 5 (the small circles) and are
listed in Table 3. Smaller spacing of the thermocouples
was used closer to the base, to capture the anticipated
steep drop in temperature. The thermocouples were at-
tached to the channels of an automatic data acquisition
system, connected to a computer, where the temperature
readings were recorded, as shown in Fig. 6. Temperature
measurements tracing the direction of the flow (z-direc-
tion) at different x-locations were made according to
Table 3.

The dynamic pressure of the air, after traveling
through the metal foam, was measured using the
manometer. This pressure was used to calculate the
average velocities and actual flow rates. The results are
shown in Table 4.

Temperature measurements were taken at four differ-
ent flow rates of the tunnel. The temperature measure-
ments traced the z-direction at z = 0.64, 1.27, 2.54, 3.81
and 4.44 cm in the plane y = 5.08 cm. The dependence
of the temperature on the y-direction was eliminated
based on the symmetry of the boundary conditions,
i.e., insulation at y =0 and at y =10.16 cm. Actually
measurements were performed for this direction to verify
this assumption and are not shown in this paper.

The uncertainty in the location of the thermocouples
was +0.8 mm. As for the temperature measurements,
the calibration uncertainty was +0.01 °C, and so was
the uncertainty associated with the data acquisition sys-
tem. The uncertainty of the thermocouple was reported
as +1.50 °C. These uncertainties combined [18] result in
a total uncertainty of +1.5 °C.

5. Results and discussion

Fig. 7 is a plot of the one-dimensional temperature
profiles for z=10.64, 1.27, 2.54, 3.81 and 4.44 cm at
the lowest flow rate of 4.0 m*/min corresponding to a
pore Reynolds number of 75.5. The data points for all
these locations are very close to each other. This sup-
ports the one-dimensional assumption. The temperature
profiles decay in an apparent exponential fashion. The
temperature in the foam reaches that of the ambient at
a dimensionless distance of approximately 0.37. This
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Flow Control @

Monometer

Data Aquisition

*,_‘_ - Systemo

L Thermocouples | ‘

|
|
L

Power Supply

Fig. 6. Schematic of the experimental set-up.

Table 3 1.0
Thermocouple x-locations ® z-064cm
Thermocouple no. Location (cm) 0.8 B z=127cm
1 0.64 0.6 - A z=254cm
2 1.27 ® z=381cm
i ;-; @ 0.4 7 © z=444cm

: —— Model
5 3.18 0.2 1
6 3.81
7 4.44 0.0 —® ¢
8 5.08 0}0 0.2 0.4 0.6 0.8 1/0
9 6.35 02
10 8.89 X
11 13.97
12 19.05 Fig. 7. Temperature distributions in the direction of the flow
13 Ambient at Re=75.7.
Table 4
Dynamic pressure measurements ¢ z-064cm
Dynamic Flow rate Pore Reynolds ® z=127cm
pressure (Pa) (m*/min) number A z=254cm
4.1 4.0 75.7 ® z=381cm
20.2 10.3 168.3 O z=4.44cm
33.4 13.2 216.6 -
41.5 14.7 241.2 o %Model

0.4 0.6 0.8 1.0

shows that most of the heat transfer takes place in a
small region close to the heated base. The temperature
profiles are very close to the analytical predictions given Fig. 8. Temperature distributions in the direction of the flow
by Eq. (9) and shown by the solid line. at Re=241.2.
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08 - ——Re =757
—a— Re =168.3
—A—Re =216.6
06 —x—Re =241.2
@ 0.4
0.2 1
0 7 & =l
(0] (0] 0.2 0.4 0.6 0.8 1(0
-0.2
X

Fig. 9. Experimental temperature profiles at z=2.4cm for
different Reynolds numbers.

Fig. 8 is plot of the temperature profiles for the max-
imum pore Reynolds number of 241.2. The same obser-
vations can be made. The experimental data points lie
very close to the analytical solution shown by the
solidline. The temperature in the foam drops down to
the ambient temperature at an axial distance of about
0.30.

Since the model is validiated for the lowest and the
highest Reynolds number, it is expected to be valid for
the two intermediate values of the Reynolds number.
The plots for these two cases are not shown here. The
effect of the Reynolds number was obtained by measur-
ing the x-temperature profiles at a fixed z-location of
2.54 cm at the four pore Reynolds numbers. This is
shown in Fig. 9. The figure shows that the Reynolds
number causes a steeper drop in the temperature profile
indicating higher rate of heat transfer. This is explained
as follows. Increasing the Reynolds number increase the
Nusselt number or the foam heat transfer coefficient /i,
as shown by Eq. (12). This increase will cause an in-
crease in the foam parameter according to Eq. (8). This
increases the argument of the hyperbolic tangent func-
tion of the temperature of Eq. (9), which causes a steeper
drop. This phenomenon has a limit. It is seen that the
temperature profiles for the Reynolds numbers 216.6
and 241.2 lie on top of one another. This suggests that
the flow and the resulting heat transfer is independent
from the Reynolds number for high enough Reynolds
numbers, and there would be no increase in the heat
transfer by further increasing the Reynolds number.

6. Conclusion

The combined convection and conduction heat trans-
fer in open-cell metal foam was investigated using a one-

dimensional model by treating the foam as an extended
fin. The model was developed utilizing the typical
parameters usually reported by the foam manufacturers.
The temperature profiles were determined for one type
of commercially-available aluminum foam using air as
the working fluid. The model and the one-dimensional
assumption were verified by direct experiment. Prelimin-
ary results showed good agreement between the model’s
prediction and the experimental data for a range of pore
Reynolds numbers. Increasing the Reynolds number in-
creased the heat transfer up to a certain limit.
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