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Abstract
Objective: to determine the coefficients of permeability 
and thermal conductivity of aluminum metal foams, 
thermal transference and pressure drop tests were carried 
out. Methods: metal foam samples measuring 50 mm in 
diameter and 20 mm in thickness with pore sizes ranging 
between 0.5 and 2.0 mm were used for both tests. An 
adaptation in a fluid flow system was made to perform the 
pressure drop tests, and Darcy’s law was used to calculate 
the permeability values. A thermal box test and Fourier’s 
law were used to obtain the conductivity coefficients. 
Results: the results showed that the pore size has an 
important influence on the values of permeability and 
thermal conductivity. Finally, the results were compared 
with those reported by other researchers and were found 
to be consistent with those found in previous work. Con-
clusions: our interest is to enhance knowledge regarding 
aluminum metal foams and show their potential use in 
applications that involve fluid flow and heat transfer.
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Resumen
Objetivo: se hicieron pruebas de transferencia térmica 
y de caída de presión para determinar los coeficientes de 
permeabilidad y de conductividad térmica de espumas 
metálicas de aluminio fabricadas mediante el proceso IPS 
(Infiltración de Preformas Solubles). Método: para ambas 
pruebas, se utilizaron muestras de espumas metálicas con 
50mm de diámetro y 20mm de espesor, con tamaños de 
poro de 0.5, 1.0 y 2.0mm y una densidad relativa de 0.34. 
Para la realización de las pruebas de caída de presión, se 
realizó una adaptación de un sistema de flujo de fluidos 
y, los valores de permeabilidad se calcularon utilizando la 
ley de Darcy. Por otra parte, para obtener los coeficientes 
de conductividad se utilizó el ensayo de la caja térmica y 
la ley de Fourier. Resultados: se encontró que hay una in-
fluencia importante del tamaño de los poros en los valores 
de permeabilidad y de conductividad térmica obtenidos. 
Por último, los resultados se compararon con los obtenidos 
por otros investigadores, determinando que estos son muy 
consistentes con los encontrados en el presente trabajo. 
Conclusiones: nuestro interés es mejorar el conocimiento 
sobre las espumas metálicas y en este sentido, proponer la 
posibilidad de su uso en aplicaciones que involucran flujo 
de fluidos y transferencia de calor.

Palabras clave
Aluminio; espumas; permeabilidad; conductividad 
térmica
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Introduction
Cellular metals are a family of materials characterized by a gaseous structure 
in a solid metal, producing a highly porous material. There are two types of 
cellular metals, i.e., closed cell metallic foams, which are distinguished by thin 
walls around the pores, and open cell metallic foams, which are characterized 
by interconnected pores. In addition to the low density of these materials, both 
groups of cellular metals present interesting physical and mechanical proper-
ties. These properties include high rigidity, shock absorption, high resistance to 
compression, deformation energy absorption, good acoustic absorption and fluid 
flow permeability, among others. Depending on the type of cell structure, it is 
possible to determine its potential structural and functional application [1]-[3].

Specifically, open cell metallic foams have a wide spectrum of functional 
applications due to their characteristics, including tortuosity and high surface 
to volume ratio, which favor the mixture of fluids and the turbulent regimen, 
producing an excellent thermal transference. Thus, it is possible to consider the 
flow of liquids and gasses through the foam, which, in applications such as heat 
exchangers, favors the exchange of heat between the fluid and the solid metal 
[4]-[6]. Alternatively, open cell metal foams can also be used to act on the fluid 
as a filter, mixer, electrode or catalyst [7] in applications in which permeability 
is relevant, such as filters, diffusers and catalyst supports. In the case of filter 
design, if the material must last for at least 1000 hours of use, it is necessary to 
consider variables, such as low pressure conditions (less than 5 kPa), mechanical 
resistance (not less than 5 MPa), corrosion resistance and thermal resistance [8]. 
The resistance of the fluid through the porous material of the filter is another 
important parameter. Sometimes, a high resistance to the fluid can be beneficial 
in the case of catalysis or heat transference [9]. All the aforementioned qualities 
can be found in cellular metals in addition to their low density.

A few years ago, polymers began entering this field with new products based 
on metallic foams in a category similar to filters. This field includes diffusers, 
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air injectors, micro-bubblers, microemulsifiers, elements that permit the puri-
fication of water, liquid dispersion, oxygenation and aeration processes, liquid 
mixture, respirable aerosols for medications and others. In particular, diffusers 
are elements that are utilized in the aeration and agitation of water processes 
and treatment, while microemulsifiers produce compounds of immiscible liquids 
by means of the agitation of micro-bubbles. The use of these two elements is 
principally found in the cosmetic and pharmaceutical industry and the treatment 
of water and foods [10], [11].

The transformation of products by means of chemical reactions general-
ly implies a catalysis process or the combined capacity of thermal and mass 
transference. To obtain an appropriate and effective reaction, it is crucial to 
ensure an adequate surface area interface between the catalyst and the gas or 
liquid reactant. Hence, if catalysis is processed in a structure that is too highly 
porous to act as a support, the reaction would have a large surface area for 
greater effectiveness [12]. This increase is much more interesting in the case of 
multifunctional fuel processors [13] in which metallic foams may have a role to 
play in the thermal management of PEMFC (Polymer Electrolyte Membrane 
Fuel Cells) [14]. Along the same lines, the use of open cell foams as inserts in 
tubular reactors [15] and vapor pre-concentrators for thermal desorption in 
gas mixtures [16] are innovative alternatives given their excellent heat and mass 
transference. Even though ceramic materials have been used thus far, open pore 
cellular metals could potentially replace these materials and provide additional 
benefits, including high ductility and thermal conductivity [1].

The following three principles are important in the use of interconnected 
pore metals in heat exchangers: i) high conductivity struts (cell borders) that are 
highly conductive, preferably metals such as copper or aluminum, ii) a turbulent 
flow to facilitate local transference of the solid surface heat to the fluid [17] and, 
iii) low pressure between the input and output, forcing the fluid out of the me-
dium with a moderate strength pumping system [18]-[21]. There is a growing 
demand for compact, strong and lightweight systems for heat transfer removal 
devices that are focused on open porosity metal foams as the ideal candidates 
[22]-[24]. In thermal transference, there are other interesting applications, such 
as heat sinks for electronic systems, radiators with high efficiency receptors of 
solar energy and multilayer heat exchangers [25]-[28]. The following investiga-
tion will describe the tests performed on aluminum foams with three different 
pore sizes to analyze the material’s permeability and thermal conductivity and 
determine its suitability for use in the aforementioned applications.
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1. Materials and Methods

1.1. Production of metal foams
Metallic foams of an aluminum A356 alloy with open and interconnected pores, 
whose chemical composition was based on a content of Si between 4.5-6.5% and 
Mg between 0.2-0.45%, were produced. The process used is known as Infiltra-
tion of Soluble Preforms (ISP) and consists of the following three main stages: 
i) preparation of the soluble preform (in this case, NaCl was used), ii) melting 
of the metal and, iii) infiltration by means of vacuum pressure. The resulting 
foams were machined to the diameter and thickness necessary for the tests. 
In general, the samples had a relative average density of 0.34, which refers to 
the relationship between the foam density and the bulk density of the metallic 
matrix material (ρ/ρs). Additionally, the relative density is complementary to 
the porosity percentage. For the present study, the porosity was approximately 
66%, and the foam density was approximately 0.92 gcm- 3.

It is important to note that the ISP process used to obtain the metallic foam 
with open porosity allows for controlling the required pore size and its mor-
phology by means of the selection of the appropriate preform. The same is true 
with regards to the density, which is controlled by means of the compacting of 
the preform. In this case, the NaCl used was sifted to the particle size neces-
sary to achieve the desired effects in pore size. The relative density of the foam is 
typical of preforms without previous compaction. Compared to the other pro-
cesses available for producing open cell foam, the ISP process achieves porosities 
between 55 to 98%, while the other processes, such as replication casting and 
vapor deposition on polymer foams, can achieve porosities of 80-98% [2]-[3].

1.2. Permeability
Aluminum foam specimens 50 mm in diameter and 20 mm in thickness (see 
Figure 1) with pore sizes of 0.5, 1.0 and 2.0 mm were used for the tests in this 
study. An modification was made to a flow system in the fluids laboratory. The 
flow system had an apparatus to hold the foam (a transparent glass tube with 
pressure transductors on both ends), a Valtek’s Flowserve Corporation servo-valve 
with a capacity of 90 ± 1 psi, an OMEGA flow meter with an interval of 0 – 
1000 pie.min-1 and a precision level of 1%, and a PC with Labview software to 
recompile the data. Figure 2 shows the detail of the apparatus to hold the me-
tallic foam in the system, allowing for direct observation throughout the trial. 
All necessary precautions were taken to assure a nearly perfect fit between the 
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foam and the internal surface of the tube to prevent leakage along the borders 
of the sample which would distort the data.

Figure 1. Samples for the permeability test 

Source: authors’ own elaboration

Figure 2. Flow system adapted for the permeability test 

Source: authors’ own elaboration

The permeability of the fluid through the porous material was experimentally 
determined by passing a fluid with known viscosity, in this case water, through 
the material and measuring both the pressure drop and the velocity of volumetric 
flow after passing through the material. The permeability values were obtained 
using the modified Darcy law [7]-[8], [29], and thus the porous mediums and the 
fluid properties must be considered:

Q
A
= q =

K
μ

Pe Ps

L
 (1)
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Q is volumetric flow [m3s-1], A is the transversal section of the sample [m2], 
q is the apparent flow velocity (equal to the surface velocity v0) [ms-1], K is the 
permeability [m2], µ is the dynamic viscosity of the fluid [Pa.s], Pe is input fluid 
pressure, Ps is the output pressure (both are manometric) and L is the thickness 
of the sample [m]. The theoretic dynamic viscosity of water was as follows: 
µ = 1.002 x 10-3 [Pa.s] at 20°C.

The permeability of the fluid flow in the aluminum foam under investiga-
tion was determined by the permanent flow of water through the samples 
located in the system described in Figure 2. The fluid pressure regulation 
was generated by the servo-valves and before beginning the pressure drop 
on the sample foams, the measurements corresponding to the losses were 
taken. For the pressure measurements Pe y Ps, we installed transductors for 
manometric pressure measurements at the input and output of the sample. 
The data were collected at one-second intervals using Labview software. There 
were 10 tests for each experiment, and the minimum squared method was 
used to adjust the curves.

1.3. Heat transference
To measure the thermal conductivity of each one of the foams, a highly insu-
lated thermal box with a removable lid was used, as is shown in Figure 3. It 
was composed of walls with square openings for the material whose thermal 
conductivity was being tested, and the lid and the base of the box were insu-
lated with polystyrene foam sheets measuring 5 cm thick. Inside the thermal 
box there was a black box with a 100 W light bulb used to reduce the effects of 
radiation heating because we were only studying the processes of convection and 
conduction. The light bulb was used to elevate the temperature in the interior 
of the box to approximately 50°C. The interior temperature was controlled by 
an exterior thermal regulator connected to the interior by means of a thermal 
sensor on the black box.

Four thermocouples, two placed in the interior before closing the thermal 
box and two placed in the exterior, measured the temperatures of the air inside 
the box, the temperature of the internal and external walls of the aluminum 
foam, and the air outside the box. The heat increased gradually up to 50°C 
and afterwards it took approximately three hours to reach a stationary state. It 
should be noted that even though this method did not exactly follow a stan-
dard protocol specification, it is a method that showed a level of uncertainty 
of less than 10%. In addition, the test condition in which the box was located 
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was highly controlled such that ambient temperature and humidity did not 
influence the results. Nevertheless, ambient temperature measurements were 
taken as a reference.

Figure 3. Equipment to measure the thermal conductivity coefficient 

Source: authors’ own elaboration

The heat exchange through the material layer could be a result of the fol-
lowing three possible mechanisms: conduction, convection and radiation. In 
the case of the homogenous material slide and with a thickness of less than 
5 cm and at moderate temperatures the thermal energy flow is mainly the 
result of the phenomena of convection and conduction given by the Fourier 
law. In a stationary state and considering the unidirectional flow, the resulting 
formulas are [30]:
• Interior air-wall convection:

Φ = hint ∙ S ∙ (t
1
 – t

2
)  (2)

 hint being the coefficient of interior air convection, t1 the temperature of the 
interior air and t2 the temperature of the interior material wall.

• Conduction through the wall:

= k S
t2 t3( )

d  (3)

 k being the material thermal conductivity and t3 the temperature of the 
exterior material wall.
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• Exterior air-wall convection:

Φ = hext ∙ S ∙ (t
3
 - t

4
) (4)

 hext being the convection coefficient of the exterior air and t4 the exterior air 
temperature.

 By means of these three equations and the experimental measurements of 
the temperatures, the thermal conductivity of the material under study, 
k, can be determined. For the sake of calculations, the interior and exterior 
convection coefficient for the air is given the value of approximately 8.1 
W.K-1.m-2, as recommended by the manufacturer of the equipment. Following 
equations 2 and 4, the experimental value of ΦS-1 was determined. Once 
ΦS-1 is clarified, k can be calculated using equation 3. 

2. Results 

2.1. Permeability
Table 1 presents the results of the average pressure drops obtained: 

Table 1. Permeability values obtained

Pore size
[mm]

Porosity
[%]

Permeability (K) [m2]

0.5 63.3 1.76 x 10-10

1.0 65.9 1.84 x 10-10

2.0 67.6 2.36 x 10-10

Source: author’s own elaboration

The results show that there is a direct, albeit not proportional, relationship 
between the pore size and the permeability obtained. This means that a larger 
pore diameter indicates an increase in permeability. This increase grows rough-
ly exponentially in relation to the increase in pore size due to the reduction in 
barriers to the fluid’s movement, flowing freely and with less resistance through 
the foam. The increase in permeability reaches 5% for the pore sizes between 
0.5 mm to 1.0 mm, while for pores between 0.5 mm to 2.0 mm the increase in 
permeability reaches 34%. The permeability increases 29% with pore sizes be-
tween 1.0 mm to 2.0 mm. Similarly, a proportional inverse relationship between 
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the relative density and the permeability was estimated, indicating that as the 
pore size increases, the relative density of the metallic foam decreases. Further-
more, in tests conducted with the same fluid velocities and when comparing 
foams with pores sizes of 1.45 mm and 0.45 mm, there is a drastic increase in 
pressure drops when the pores are significantly smaller [17].

Despois et al. [7] obtained permeability values of 4×10-10 m2 in a pressure 
drop test using aluminum foam with 0.4 mm pore size. A recent investigation 
[5] indicates that as porosity increases, the frequency of pressure drops decreases. 
In other words, permeability increases with the decrease in relative density. The 
results of this investigation agree with the two mentioned above.

Recently, numeric methods (Finite Elements Method [FEM]) were used to 
predict the permeability of aluminum foams with 80% porosity, achieving 
a permeability value of 7.8×10-7 m2 [31]. This conforms to the results reported 
by Ranut et al. for foams with porosity percentages between 87% and 98% [18]. 
This bolsters the finding that permeability increases as the porosity percentage 
increases. 

2.2. Heat transference
Table 2 presents the average thermal conductivity results obtained for the foams 
of three different pore sizes. The relationship of the data with respect to the 
pore size can be clearly seen. 

Table 2. Average thermal conductivity 

Pore size
[mm]

Porosity
[%]

Thermal Conductivity 
(W.m-1K-1)

0.5 mm 63.3 0.6

1.0 mm 65.9 1.1

2.0 mm 67.6 3.0

Source: author’s own elaboration

The average values collected in the three foams demonstrate that as pore 
size increases, the thermal conductivity also increases. This property is approx-
imately five times greater in 2 mm foams than in the 0.5 mm sample. Thermal 
conductivity is a measure of a combination of the thermal conductivity in the 
aluminum and the air, and it is possible that the latter was not representative. 
Furthermore, it should be noted that the heat flow that is transported by con-
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duction in the solid is proportional to the volume fraction of the same solid. 
The experimental foams have a relatively similar density; however, when the 
pore size varies, the transversal section of the struts varies as well. The foams with 
smaller pore sizes have smaller cell borders and thus the heat flow finds greater 
obstacles, reducing its conductivity.

Studies on the thermal conductivity of metallic foams, such as those per-
formed by Kanaun et al. [32], simulate the phenomenon in aluminum foams 
with open porosity and metal solid percentages between 2 and 10%, obtaining 
conductivity values between 1.58 W.m-1K-1 and 6.8 W.m-1K-1, respectively. These 
values are slightly larger than those collected in the present investigation but 
support the claim that as the solid percentage increases, the thermal conduc-
tivity increases, even though Kanaun et al. did not indicate the pore sizes used. 
Phanikumar et al. [33] worked with aluminum foams of varying porosities (5 
to 40 ppi) undergoing natural conductivity, resulting in thermal conductivity 
between 4.4 Wm-1K-1 and 7.3 W.m-1K-1, and the greater value belonged to the 
samples with the larger pores. However, these researchers discovered that ther-
mal conductivity increases when the porosity percentage is lower, such that it is 
necessary to determine if the behavior is associated with the specific conditions 
during the test. Bianchi et al. [34] reported thermal conductivity findings of 
7.7 W.m-1K-1 for foams with 89% porosity and proved that this is fundamentally 
due to conductivity because radiation and convection are negligible for high 
conductivity materials. Under test conditions for heat transference by means of 
fluids passing through the metallic foam, thermal conductivity increases when 
the diameter of the cell borders is smaller or the relative density increases. This 
could be due to the internal surface area depending inversely on the diameter 
and the transversal section of the heat transference increasing when the relative 
density increases [35]. 

Finally, comparing the metallic foams with foams of other materials in appli-
cations where they have a potential use, it can be found that the ceramic foams 
are utilized as supports for catalysis and heat exchangers [36], [37] because they 
possess qualities, such as chemical stability, mechanical resistance and elevated 
temperatures (1500°C-2500°C). Nevertheless, ceramic materials are difficult to 
produce, are costly and the pore size and pore morphology cannot be controlled, 
whereas polymer foams, such as metals, can be employed as heat exchangers 
because they offer various advantages, such as a low density and corrosion resis-
tance, and their only main drawbacks are low thermal conductivity (0.1 a 0.3 
W.m-1K-1) and low mechanical resistance [38]-[40].
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3. Conclusions
The pore size in the metallic foams has a direct influence on its behavior with 
fluid flows and thermal conductivity. An increase in the size of the pores per-
mits greater permeability. This is important for applications in which pressure 
decreases should be kept to a minimum. Thus, when these materials are used as 
filters, the pore size should correspond to the size of the particles to be filtrated. 
There exists no single pore size that is better than the others, but rather the pore 
size should be analyzed and optimized for every particular application.

Thermal conductivity increases as the pore size increases. The use of alumi-
num foam in thermal applications is very promising as it has a large amount 
of transference. In contrast to the literature, there is a definite influence of the 
size of the borders of each cell. This effect should be studied in greater detail. 

Both the permeability and heat transference of the aluminum foam used in 
this investigation demonstrate the foam’s potential for use in heat exchangers, 
catalysis supports, electronic cooling systems, and even electrode cooling com-
bustible cells. However, it is necessary to consider that both properties have 
an inverse behavior with respect to the pore characteristics in the foam and a 
compromise should be found between these two properties.
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