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In this work, the effective thermal conductivities of aluminum foam sandwich
(AFS) panels with the porosity range from 40% to 60% were studied by
simulation method. The influence of porosity and pore size on the effective
thermal conductivities was analyzed, and their influence mechanism was
studied. In addition, simulation results were verified by theoretical formula.
This further proves the feasibility of simulation method for research on the
effective thermal conductivity of AFS panels. The results confirmed that the
porosity and pore size of AFS panel had great impact upon its effective
thermal conductivity.
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1. Introduction
Containing an aluminum foam core and two composite skins, aluminum foam sandwich (AFS)
panels have exhibited special mechanical, thermal, electric and acoustic properties and so on [1-6].
The combinations of these remarkable properties make it have a broad application prospect in the
industry such as automotive, aerospace and building construction. Above all, the thermal transport
properties of AFS panels have attracted increasing attention in the academic and industrial fields, and
play a very significant role in the design and use of foam materials [7,8].
Effective thermal conductivity is one of the key parameters characterizing the thermal transport
properties of metal foam. So far, it has been widely concerned and investigated. Rodríguez-Pérez et al.
[9] discussed the thermal conductivity of AlSi7 foams with different porosities using the transient
plane source technique, and reported that the thermal conductivity of AlSi7 foams increased with the
density. Fiedler et al. [10] investigated the thermal conductivity of cellular metals by the Lattice
Monte Carlo method, and proposed a theoretical method and formulae to describe the effective
thermal conductivities of cellular metals. Ye et al. [11] explored the effective thermal conductivities of
metallic foams using different computational methods, and confirmed that the effective thermal
conductivities of cellular metals were the product of cell wall thermal conductivity, relative density
and shape factor. In addition, they studied the effective thermal conductivity of closed-cell aluminum
foams in the temperature range of 100-500 ºC, and the results showed the effective thermal
conductivity was proportional to the relative density and slightly decreased with the temperature [12].
Unfortunately, as far as we known, the investigation on the effective thermal conductivity of AFS
panel has been seldom published.
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In this article, based on the inner features of AFS panels, two-dimensional random models were
generated by combing C++ and ANSYS. The effective thermal conductivity of AFS panel was
calculated by finite element method, and the influences of porosity and pore size on the effective
thermal conductivity of AFS panel were analyzed. Then the simulation results were compared with the
theoretical results. In addition, the internal heat transfer mechanism of AFS panel was discussed.
2. Methods
Two-dimensional finite element model is often used to analyze the deformation behavior of
porous aluminum foam due to the simple geometry shape and convenient and efficient finite element
mesh division [13,14]. So, based on the inner features of AFS panels, the two-dimensional random
models were created by combing C++ and ANSYS. The model of AFS panel consists of two thin
aluminum panels (100 mm length and 0.8 mm thickness) and a highly porous aluminum foam core
(100 mm length and 20 mm thickness) as shown in Fig. 1. The detailed modeling process was reported
in our previous work [14]. In this work, to investigate the influence on the effective thermal
conductivity of AFS panel with the different porosities (40%, 45%, 50%, 55% and 60%) of AFS finite
element models with two kinds of pore size ranges, 1 to 3 mm and 3 to 5 mm, were considered.
Furthermore, the effect of the average diameter variation of pores on the effective thermal
conductivity of AFS panel was analyzed. The selected models (50% porosity) average pore sizes are
2mm, 3mm, 4mm, 5mm, 6mm, and 7mm, respectively.

Fig. 1 the geometric models of AFS panel
Table 1 Material properties for AFS panel models [15]
Parameters parts

Density [kg·m-3] Specific heat[J·kg-1·k-1]

Thermal conductivity
[W·m-1·k-1]

Top and bottom panels 2680

875

190

Core layer

900

137

2700

Fig. 2 Thermal boundary conditions of AFS panel
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To facilitate exerting boundary condition, thermal-conductivity splints with thickness of 5 mm
were added on the upper and lower sides of the model. Moreover, its conductivity coefficient accords
with that of the skins of AFS panel. The boundary conditions are as follows: the temperature-resolved
boundary, T0 = 298.15 K, is exerted on the lower surface of AFS panel model; the heat flux boundary,
Q0 = 10000 W·m-2, is exerted on the upper surface of AFS panel model; the other surfaces are
regarded as adiabatic boundary. The prescribed boundary conditions on AFS panel model are shown
in Fig. 2. Core with closed-cell aluminum foam is 5052 aluminum alloy, panels and splints are 2024
aluminum alloy. The parameters of AFS panels are shown in Tab. 1 [15]. In this work, PLANE55
element was used to analyze the two-dimensional heat-conduction of AFS panel model meshed by
Smartsizing tool. This kind of mesh tool can be better adapted to geometric shape and improve the
computational accuracy due to it can automatically adjust the grid size according to the pore shape in
aluminum foam core. The division of grids has an effect on the accuracy of the analysis results and the
economics of the process. In general, the accuracy of the analysis results increases with the increase of
the grids. However, it is not true that the smaller the grid division, the better the calculation results.
The reason is that the calculation accuracy is improved little and the calculation time has increased
significantly with the grids increasing, after the number of grids increases to a certain extent. Through
the verification of our previous simulation work, when the grid level is set to level 2, the calculation
accuracy and economy are better. In order to ensure the accuracy of test results, each tested data was
gathered three times from different models with same porosity or pore size.
Based on the above-mentioned prescribed boundary conditions, a steady-state thermal analysis
was conducted. The effective thermal conductivity of porous materials Kf can be defined as the
relationship (1)
QH
Kf = ∆T
(1)
where, Q is the heat flux; ∆T is the temperature difference between the upper and the lower sides of
the model; H is the sample thickness. This equation has been used in the study on the thermal
conductivity of metal foam materials, such as, Lu et al. [16] investigated the thermal conductivity of
open-celled steel alloy foams and verified its correctness; Kulesa et al. [17] calculated the effective
thermal conductivity of syntactic foams and found that the error was within the acceptable range.
Moreover, according to the above-mentioned boundary conditions and Eq. (1), the effective
thermal conductivity of AFS panel Ke can be written in as follow:
Q0 H
2Q0 h
⁄K )
∆T-(

Ke =

(2)

s

where, h is the metal splints thickness, Ks is the thermal conductivity of metal splints.
In addition, many physical properties of the metal foams could be estimated by the exponential
rule which was composed by the porosity and a constant of the performance. Rodríguez-Pérez et al. [9]
have unified several theoretical models for thermal conductivity of metal foam, and compared with the
experimental results. They found that the equation (3) is a good predictor for the effective thermal
conductivity of metal foam.
Kf = K1 (1-p)

n

/n∈[1.65,1.85]

(3)

where, K1 is the thermal conductivity of the matrix of aluminum foam, p is the porosity of aluminum
foam.

3

According the structure of AFS panel, containing an aluminum foam core and two aluminum
alloy skins, it is a representative series structure [18]. Therefore, the effective thermal conductivity of
AFS panel, Ke , is described by the follow equation
1
Ke

=

α

n

K1 (1-p)

1-α

+K

2

/n∈[1.65,1.85]

(4)

where, α is the volume fraction of aluminum foam core, K2 is the thermal conductivity of aluminum
alloy skins.
3. Results and Discussions
The heat transfer of porous material can be divided into four parts: heat conduction between gas
in the pore, heat conduction between matrix, convection between the solid matrix and pores of gas and
heat radiation [19]. According Ref. [10] and [15], if the diameter of pores is less than 5 mm, the effect
of convection could be ignored. Besides, when the thermal conductivity of matrix is more than 100
W·m-1·K-1, and the radiation heat transfer is just about 10 percent of the heat conduction. Therefore,
the heat conduction is the main heat transfer pattern for AFS panels in this work.

Fig. 3 Temperature distributions of AFS panels at 1-3mm pore size with different porosities; (a)
40% porosity, (b) 45% porosity, (c) 50% porosity, (d) 55% porosity, (e) 60% porosity.
The temperature distributions of AFS panels with pore size range 1-3 mm are shown in Fig. 3.
As seen from Fig. 3, the temperature gradually increases from bottom to top of AFS models as a whole.
However, it can also be seen that the temperature distributions are uneven, especially in Fig. 3 a. This
result shows the heat transfer in AFS panels obviously depend on the porosity. Ye et al. [20]
considered, in heat conduction, the practically curved cell walls were the paths of the heat flow.
However, the shape and size of cell wall vary with the porosity of AFS core. When the porosity is
relatively small, there are big differences in the shape and distribution of cell walls, which leads to the
heat transfer process to vary accordingly [21]. Furthermore, it will also affect the heat transfer in the
panel and splint, as shown in Fig. 3 a.
The calculation values of the effective thermal conductivities for AFS panels by ANSYS and Eq.
(2) are plotted in Fig. 4. It can be seen from Fig. 4, the effective thermal conductivity of AFS panel
almost linearly decreases with the increase of porosity. The reason could lie in that the porosity of the
structure parameters directly reflects the ratio of the solid skeleton in the porous material, and lower
porosity value is associated with a higher volume of solid skeleton which provides high conductive
paths for the heat flow [20, 22, 23]. On the contrary, the increment in the porosity enhances the
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resistance to heat flow and lessens the heat transfer surface area, and, as a result, the effective thermal
conductivity of the sample has a corresponding decrease [24]. In addition, seen form Fig. 4, the two
curves of thermal effective conductivities follow the same trend. Therefore，the porosity plays a
leading role in the effective thermal conductivity of AFS panel.

Fig. 4 Effective thermal conductivity as a function of porosity for AFS panels with pore size
range 1-3 mm and 3-5 mm.
In order to verify the above simulation method, the simulation data is used to compare with the
theoretical results of Eq. (4), which is shown in Fig. 5. As can be seen, the simulation results are very
close to those from theoretic calculation. And consistent with increased porosity, both results of the
simulation and calculation almost decrease linearly. This illustrates the two-dimensional model used in
this work can better simulate the thermal conductivity of closed-cell aluminum foam at different
porosity. In addition, a possible explanation for the differences between simulation results and
predictions is related to the cellular structure. As described by Lu and Chen [25], the thermal
conductivity of the foam depends upon the cell shape, connectivity and topology. Therefore, the
simulation results are distributed on both sides of the theoretical results. The reason may lie in the
effect of pore size on effective thermal conductivity is not considered in this numerical formula.

Fig. 5 the thermal conductivity derived from simulation and theoretical results.
In addition, to better understand the heat transfer mechanism of porous foam material, a number
of attempts have been focused on thermal tortuosity (τ), which is defined as the ratio of the route
length of heat conduction and the linear conduction [26-28]. The effective thermal conductivity of
porous material can be evaluated by porosity and thermal tortuosity, namely, it is a function of the
porosity and thermal tortuosity, as described by equation (5) [28].
Ke
Kc

=

1-ε
τ

(5)
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where, Kc is the thermal conductivity of the matrix of AFS panel, and ε is the volume fraction of
the pores. The effective thermal conductivity of aluminum foam with 60% porosity and 1-3mm pore
size calculated by this method is 30.871 W·m-1·k-1. From Table 1, the thermal conductivity of the
panel of AFS panel is 190 W·m-1·k-1, which is 6.19 times than that of aluminum foam. Therefore, the
skin of AFS panel has a certain influence on the effective thermal conductivity, and the influence of
the panels could not be ignored in the calculation of thermal tortuosity. Furthermore, the matrix of
AFS panel is defined as a 3 layers composite plates containing a 5052 aluminum alloy core (100 mm
length and 5 mm thickness) and two 2024 aluminum alloy skins (100 mm length and 0.8 mm
thickness), which is a representative series structure [18]. The effective thermal conductivity of the
matrix of AFS panel is described by the follow equation.
1
Kc

α

= (K +
1

(1-α)
K2

)

(6)

Fig. 6 Thermal tortuosity as a function of porosity for AFS panels pore size range 1-3mm and 35mm.
The thermal tortuosity for AFS panels with different porosities is shown in Fig. 6. It can be
found that the values of thermal tortuosity increases with the increase of porosity. This indicates that
AFS panel with larger porosity has a longer heat transfer path, which is in agreement with the results
of Lu et al. [28]. Seen from Fig. 6, it can be observed that the values of thermal tortuous for AFS
panels are more than 1. This phenomenon is due to the large number of cells in AFS core, which leads
to the increase of the flow resistance and make the capability of heat transport of AFS panel decrease
[29,30]. In addition, the thermal tortuous curve of 3-5 mm pore size is steeper than that of 1-3 mm
pore size, which indicates that with the porosity increase, the effective thermal conductivity of AFS
panel with 3-5 mm pore size declines at a faster rate, as showed in Fig. 4.

Fig. 7 Effective thermal conductivity of AFS at 50% porosity with different pore size.
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As seen from Fig. 6, the thermal tortuous value of samples with 3-5 mm pore size is higher than
that of 1-3 mm pore size. In addition, the calculation results of AFS panels under the same porosity
varies according to the pore size, as shown in Fig. 4. All of these show that pore size has an effect on
the effective thermal conductivity of AFS panel. Furthermore, in order to investigate the influence of
pore size on the effective thermal conductivity of AFS panel, the effective thermal conductivity is
calculated in the same porosity but different pore size.
As shown in Fig. 7, the influence of pore size on the effective thermal conductivity of AFS
panel is described. It can be seen that the effective thermal conductivity of AFS panel decreases with
the increase of the pore size when the porosity is fixed. That is because if the porosity is approximate,
the larger number of cells and the faster heat dissipation in the foam of a smaller pore size [19,31].
Therefore, a smaller pore size results in a higher effective thermal conductivity.
4. Conclusions
In this work, the effective thermal conductivities of AFS panels were calculated by ANSYS
based on the two-dimensional random models, and the simulation results were verified by theoretical
formula. The results showed that the temperature gradually increased from bottom to top of the
samples and the distributions were uneven. With the increase of the porosities of AFS panels, the
effective thermal conductivities decreased. In addition, it is found that the effective thermal
conductivities of AFS panels also decreased with pore size increasing when the porosity was the same.
Therefore, the effective thermal conductivity of AFS panel depended on both porosity and pore size.
This work proved the feasibility of the geometrical method for research on the effective thermal
conductivities of AFS panels and offered a theoretical support in this research field.
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