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Abstract

This paper proposes a modified Kelvin model for high mechanical property open-cell metal foams
and investigates its application in thermal simulations. The thermal conductivity is simulated
based on the steady state method and the results are consistent with experimental values. The
melting process of phase change materials (PCMs) in Kelvin model and its modified model is nu-
merically investigated under a temperature constant heat resource. By detecting the temperature
variations, it shows that the metal foam greatly improves the heat transfer in energy storage sys-
tems. Besides, the comparison of the melting process in two foam models indicates that the sys-
tems based on high mechanical property metal foams have a shorter melting time. The melting
process of paraffin in modified Kelvin metal foam models with three different porosities (65%, 70%
and 75%) are numerically analyzed and compared.
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1. Introduction

Phase change materials (PCMs) can be widely used in many thermal management systems and thermal energy
storage systems due to their large latent heat. However, PCMs always suffer from the low thermal conductivities,
which reduce greatly the energy storage and release efficiency. To solve this problem, many researchers have
added many kinds of high thermal conductivity materials in PCMs to improve the energy transfer efficiency of
systems, such as metal fins, metal meshes and metal foam structures. Among these materials, open-cell metal
foams have been widely investigated because of its high surface area to volume ratio which can greatly increase
the energy storage efficiency. So far, the researchers focused often on high porosity metal foams [1] [2]. How-
ever, the low mechanical properties of these metal foams can’t satisfy the requirements of many applications,
such as energy efficient buildings [3]. Therefore, it is needed to reduce their porosities to produce metal foams
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with high mechanical property. However, few works have concentrated on the heat transfer in low porosity met-
al foams.

In this paper, a model of the high mechanical property open-cell metal foam is proposed and validated by
comparing with the experimental results. The melting processes of paraffin in two models are both simulated
and the results are compared and discussed.

2. Modeling Method
2.1. Modified Kelvin Model for High Mechanical Property Open-Cell Metal Foam

In order to describe the microstructure of metal foams, many models have been proposed. The spherical cell
model, the cubical cell model, the dodecahedron model and the Kelvin (tetrakaidecahedron) model are widely
used to represent the porous forms of metal foams. Among these models, the Kelvin model corresponds mostly
to the real structure of metal foams whose porosity is more than 90%. However, the high mechanical property
aluminum foam prepared by infiltration casting method, whose porosity is 50% - 70%, has a different structure
compared to high porosity foams, as shown in Figure 1. Because of the casting fabrication method, the alumi-
num has complex structure instead of the simple fiber form, and its pore form depends on the preform structure.
In this case, the modified Kelvin model is proposed to represent the high mechanical property metal foam, as
shown in Figure 2. The modified Kelvin model consists of a tetrakaidecahedron part and a solid porous unit,
which represent respectively the pore and the aluminum. The porosity of the model could be adjusted by chang-
ing the square area in the tetrakaidecahedron.

2.2. Simulation of the Thermal Conductivity

For high mechanical property metal foams, the thermal conductivity is very important because the heat conduct
is the main form of the heat transfer in the foam/PCM composite. The investigate method of foam thermal

¥

Figure 1. SEM image of the low porosity aluminum foam
structure.

(b)

Figure 2. Modified Kelvin model (65%), (a) metal part and
(b) pore part (tetrakaidecahedron).
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conductivity is according to the reference [4]. The model is placed in the condition that the temperature gradient
is 1 K. The heat flux density will approach a constant number when the system arrives at steady state. Therefore,
by using the Fourier law, the thermal conductivity could be obtained. The model grid used in this analysis is the
tetrahedral mesh. In order to confirm the grid number, the model with different grid numbers is simulated at the
condition discussed above. The heat flux density of middle surface is detected during the process. Figure 3
shows the heat flux density as a function of grid number. It obvious that the value of the heat flux become steady
as the grid number increasing. As a result, considering both the precision and calculate time, the grid number is
set to 785,257.

2.3. Validation of the Kelvin Model

To verify the modified Kelvin model, the thermal conductivities of metal foams are simulated and compared
with the experimental results [5]. The aluminum alloys is A356 and their porosities are from 57% - 69%. Figure
4 presents the comparison results. It is obvious that the thermal conductivity decreases as the foam porosity in-
creases. This phenomena is due to the huge different of the thermal conductivity of the aluminum and air. So,
the increase of the air volume could lead to the thermal conductivity decrease. Besides, in the compare results,
the simulation results are consistent with the experimental ones. Therefore, the modified Kelvin model could be
applied in thermal simulations of high mechanical propertymetal foams.

2.4. Finite Element Model

In our work, the finite element model consists of four units which represent the thickness of a layer energy
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storage system, as shown in Figure 5. The simulations are achieved by ANSYS Fluent® and the heat conduction
is solved by the simple algorithm according to the energy conservation equation. The mesh type is tetrahedral
and its size is uniform. The dimension of each unit is one millimeter. The aluminum foam is made of AS7G,
which is filled by paraffin. Their thermal properties are based on reference [6] [7]. The temperature of the heat
surface is 350 K which is higher than the paraffin melting temperature (321 K - 335 K). The other surfaces are
insulated. The initial temperature of models is 300 K which makes paraffin in solid state.

3. Results and Discussions
3.1. Melting Process

To observe the paraffin melting process, a cross section in the middle of model is selected as observation surface
for each model, which is shown in Figure 6. The results of high mechanical property model indicate that the
paraffin melts from the interfaces to the center. A similar phenomenon can be observed in the high porosity
model, the paraffin begins to melt at the interfaces. Moreover, the temperature of aluminum is always higher
than the paraffin. This phenomenon could be explained that the paraffin is not only heated by heat surface, but
also heated by the interfaces because of the high thermal conductivity of aluminum.

In order to compare the melting process in different units, four representative points (F1, F2, F4 and F5) of 70%
porosity model and four points (P1, P2, P3 and P4) of pure paraffin are chosen as observation points who are
located in the center of each cube unit. Their temperature curves are shown in Figure 7. The point F4 which is
farthest from the heat surface is heated in the beginning. The temperature curves of all four points of 70%
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model are very similar. However, the curves of pure paraffin are different. The point P4 which located in the-
same position as F4 is much more difficult to be heated. The complete melting times of 70% model and pure
paraffin model are 5.8 and 337 seconds. The comparison shows that the aluminum can greatly enhance the

melting rate of systems, thereby reducing the time of energy storage and release.

3.2. Comparison of Different Structural Models

For each type model, modified Kelvin model (70% porosity) and Kelvin model (96% porosity) are selected to
analyze the effect of structure. Two liquid fraction curves of paraffin are shown in Figure 8. The paraffin in
modified Kelvin model melts completely in 5.8 seconds which is much shorter than the melting process of high
porosity model. The melting rate of modified Kelvin model is largely higher than the one of Kelvin model.
Firstly, the increased volume of metal helps to accelerate the heat transfer. Secondly, the high mechanical prop-
erty foams have more contact surface which can heat efficiently the paraffin, so that the paraffin melts faster.

3.3. Effect of Porosity

Because high mechanical foams have a better performance in energy storage systems than high porosity foams,
three different porosities (65%, 70% and 75%) of high mechanical property foams are analyzed. Their liquid
fraction curves of different porosities are shown in Figure 9. From these three curves, the different melting
times can be easily observed. The melting time increases with the increase of foam porosity. Therefore, for low-
er foam porosity, the extra aluminum helps transfer the heat from heat resource to the paraffin, but the heat sto-

rage amount reduces as a consequence of the decreased volume fraction of paraffin.
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Figure 9. Liquid fraction variations of paraffin in three
different porosity models of modified Kelvin model.

4. Conclusion

In this research, a modified Kelvin model is developed to represent high mechanical property metal foams by
verifying with experimental results. The melting processes of paraffin in high mechanical property and high po-
rosity metal foams are studied. Metal foam plays an important role in the melting process of PCMs by separating
PCMs in very small pieces and heating separately them, thereby reducing largely the melting time. For high
mechanical property metal foams, even though the heat storage amount of systems is less, the melting process
becomes much shorter than high porosity metal foams. As a result, the energy storage systems which are made
by high mechanical property metal foams could store effectively the heat in a very short time.
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