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ABSTRACT

Metal foam has found its way in many engineering industries due 
to its ability to improve the heat transfer rate in thermal 
applications. Thermal energy storage based on phase change 
materials (PCMs) have significant importance as a part of 
renewable energy sources, and thermal management applications, 
However, low thermal conductivity is the essential drawback 
associated with the PCMs, especially the organic type of it, such 
as paraffin. Various experimental and numerical studies performed 
to test the effect of using metal foam with PCMs, in order to 
improve PCMs thermal conductivity. Many models suggested for 
evaluating the effective thermal conductivity of high porosity open 
cells metal foam, which immersed in base fluids of low thermal 
conductivity such as air, water, and PCMs. This work achieved 
numerically by using different models for calculating the effective 
thermal properties of metal foam with various range of porosities 
impregnate in paraffin. The study discussed the temperature 
distribution, which control the heat transfer rate, the behavior of 
temperatures versus time, and improvements in the melting front 
phase of the paraffin, under the effect of copper metal foam of 
various porosities and by applying different models, for estimating 
the effective thermal conductivity. The results exhibit an 
augmentation in the effective thermal conductivity with porosity 
decreasing. The outputs showed paradoxical results using the 
presented models and the differences between them have been 
discussed.

© Published at www.ijtf.org

                                                                                                                      
1. Introduction

Improving the efficiency of energy 
systems became an essential demand 
associated with global development. Thermal 
energy storage (TES) based on PCMs received 
great attention as a part of the renewable 

energy sources, on the other side the thermal 
management system based on PCMs such as 
the one used in the smart cars, both of them 
have been modified by using many ways to 
improve their efficiency. 
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The high thermal conductivity, and low density, which can provide by the metal foam, 

Nomenclature Greek symbols

Subscripts

make it the concern of the researchers. 
According to the mentioned above metal foam 
applied in many applications including the TES 
[1,2], heat exchangers [3,4], and heat sinks [2], 
which impregnate in various types of fluids 
such as water and air or PCMs such as paraffin. 
The using of high porosity open cells metal 
foam immersed in PCMs to improve the heat 
transfer rate of the PCM proved its high 
performance [5,6]. The value of the effective 
thermal conductivity for the metal foam 
immersed in a specific fluid is a necessary 
characteristic to be counted for heat transfer 
applications [7]. Calmidi and Mahajan [8] 
designed a model for predicting the effective 
thermal conductivity of the metal foam/base 
fluid, which based on developing an empirical 
correlation and they derived a theoretical model 
based on a hexagonal pore shape. They found 
that their model agreed with experimental data 
with 10 % deviation when the area ratio (2a/r) 
fixed at 0.09. The model was developed by 
Bhattacharya et al. [9] which replaced the node 
shape from the cubic to the circular one. The 
result of their model that it is possible to have 
accurate outputs for high porosity metal foam 
by selecting a suitable ratio between the 
ligaments to the node radius. They also 
developed an empirical correlation for finding 

the effective thermal conductivity as a function 
of porosity. A one-dimensional model for the 
effective thermal conductivity of the open-cell 
metal foam based on three-dimensional unit 
cell geometry suggested by Boomsma and 
Poulikakos [10]. Their result was that the effect 
of the solid phase on the overall effective 
thermal conductivity has a significant impact 
on it. Ligament orientation is an important 
factor that has been considered by Dai et al. 
[11], which they developed the model of 
Boomsma and Poulikakos to include the 
mentioned effect. Their results were more 
accurate for predicting the effective thermal 
conductivity of fluid/metal foam. It should be 
mentioned that all the previous models are 
based on empirical parameters exhibiting the 
geometrical relationship between the ligament 
and the node of the metal foam.The used 
models to predict the effective thermal 
conductivity is based on experimental data; on 
the other hand, aluminum metal foam generally 
used to extract the mentioned data. 
Accordingly, the validity of most correlation 
depends on these results. The effect of porosity 
on the metal foam thermal conductivity studied 
by Calmidi and Mahajan [12,8] and 
Phanikumar and Mahajan [13]. They indicated 
the effect of porosity on the thermal 
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conductivity of aluminum metal foam with a 
range of porosity size 0.9-0.98. Their 
experiment achieved by using water and air as 
a fluid. They found that thermal conductivity 
increased with decreasing the porosity. A 
transient photo-thermal method used by Fetoui 
et al. [14] to indicate the effective thermal 
conductivity for the aluminum metal foam and 
air. Their results were similar to the resemble 
experiments. The effective thermal 
conductivity for the Copper and Nikel foam 
impregnate with paraffin performed by Xiao et 
al [15,16], recorded a perfect improvement in 
the effective thermal conductivity especially by 
using the copper foam. The use of high 
porosity open-cell copper foam has great 
importance and requires a multi-study due to its 
demands in many applications [17,18]. The aim 
of this work is to study the effect of porosity on 
the heat transfer rate for copper metal foam 
saturated in paraffin numerically, by using 
different models to calculate the effective 
thermal conductivity for the composite of metal 
foam immersed in a specific fluid.

2. Mathematical Model
The dimensional governing equation, 

which describes the temperature distribution in 
the liquid phase, is [19]:

The boundary conditions Wall temperature

Melting front temperature.

 

1D model has been applied in the present 
work to expose the case as simple as possible 
and explore the predicted results in this case. 
The effective thermal conductivity calculation 
for metal foam/PCM composite has been 
obtained using a special model, then 
substituting the resulted effective thermal 
conductivity of the mixture to the required 
governing equations and phase change 
equations dealing with the mixture as a single 
phase. This procedure has been followed by the 
present numerical work.

The equations, which control the phase 
change that happens in the PCMs and 
associated properties such as, thermal 
conductivity, thermal diffusivity, specific heat 
capacity, and density are [19]:

Effective thermal conductivity for the 
PCM/metal foam can be calculated through 
specific correlations, which used in the present 
work. The most essential models used by the 
researchers, applied in this study to explore 
their mechanisms and the differences between 
them.

2.1 Model one, for Calculating Effective 
Thermal Conductivity (keff1)

The first model is suggested by Boomsma, 
and Poulikakos [10], which based on 3D 
tetrakaidecahedron shape and contain empirical 
parameters with respect to the filling medium. 
They skipped the ligament orientation effect, e 
=0.339. 

2.2 Model two, for Calculating Effective 
Thermal Conductivity (keff2)

This model is a development for the 
Boomsma and Poulikakos [10], that in the first 
model they skipped the ligament orientation 
impact, while in this model which presented by 
Dai et al [11] they included this effect 
according to the following correlation.
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This model obeys to the same conditions 
for the first one excluding the ligament 
orientation effect, which ignored in the first 
model.

2.3 Model three, for Calculating Effective 
Thermal Conductivity (keff3)

This model presented by Yao et al. [20], 
the model based on 3D tetrakaidecahedron 
shape, No empirical parameters have been 
included in this model, also the model contains 
the ligament orientation effect a=2.01.

In the presented work calculating the 
effective thermal conductivity of metal 
foam/PCM composite at various range of 
porosity, using specific models, then the results 
of the effective thermal conductivity are used 
to calculate the heat transfer along the x-axis 
considering the metal foam and PCM 
composite as a single phase. However, the 
space factor could have a direct effect on the 
presented results, but the present work focused 
on studying the case for the composite when it 
is supplied to a constant temperature source 
from one side and the development of 
temperature along the x-axis, specifically.

Regarding the ligament orientation, the 
calculating effective thermal conductivity of 
metal foam/PCM gives the most accurate 
results in case when the conduction in the fluid 
and conduction in the ligament are not aligned 
with each other. However, two cases have been 
studied taking into account the conduction in 
the fluid is aligned and not aligned with the 
ligament orientation as presented by Dai et al 
[11] and their outcomes ensure that including 
the ligament orientation predicate the effective 
thermal conductivity more accurate. According 
to the mentioned information, the model, which 

includes the ligament orientation has been used 
in the present work.

3. Geometry of the numerical 
simulation
A one-dimensional geometry of 10 cm in 

length supplied to constant temperature 253 [K] 
from one side and the other side is thermally 
insulated as shown in Fig. 1. The maximum 
element size that used is 6.7 mm, the maximum 
element growth rate is 1.3, and the resolution of 
the narrow region is 1. The thermo-physical 
properties of the PCM (paraffin) are listed in 
Table. 1. The thermal conductivity of the used 
copper metal foam is 401 W/m.K, and the 
range of the porosity is 0.88 to 0.98. Fig. 2 
Shows a rectangular unit inserted into one face 
of Tetradecahedron, as described by Boomsma 
and Poulikakos [10]. The finite element method 
is used to obtain the solution in the current 
work that this method is efficient and followed 
by many studies [21,22].
Table. 1.

 Thermophysical properties for the paraffin.

Fig. 1. Schematic representation of the used 
geometry.

Physical Property Solid phase Liquid 
Phase

Thermal 
conductivity 

0.21 [W/m K] 0.21 [W/m 
K]

Specific heat 
capacity 

1.62 [J/g.K] 1.68 [J/g.K]

Density 922.619 
[kg/m3]

780 [kg/m3]

Latent heat 181 [kJ/kg] 181 [kJ/kg]
Melting temperature 
range

317.2 [K] to 
324.9 [K]

317.2 [K] to 
324.9 [K]
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Fig. 2. Shows a rectangular unit inserted into one 
face of Tetradecahedron, as described by Boomsma 
and Poulikakos [10]. 

4. The validity
The validity of the present study obtained 

by indicating the temperature distribution along 
with the x-axis distance at different times in 
comparison with OGOH et al. work [19]. 
However, the followed work used a 2D semi-
infinite system that the length of their system is 
four times, compared to the area affected by the 
temperature, which exhibits the 1D behavior 
along the centerline, While, the present work 
uses a 1D system directly. Fig. 3 (a) shows the 
temperature distribution along the x-axis (b) 
indicates the position of the melting front phase 
of paraffin, in comparison to the analytical and 
numerical work achieved by OGOH et al., 
which exhibits a very close behavior to the 
presented work. The small variation among the 
behaviors can interpreted because of the 2D

 semi-infinite system suggested by OGOH 
et al. and the 1D system offered by this study.

Fig. 3. (a): Shows the temperature distribution along 
the x-axis (b) Melting front position versus time, of 
the present study in comparison to the analytical and 
numerical work achieved by OGOH et al.[19].

5. Results and Discussion
5.1 Temperature distribution

Temperature distribution along the x-axis 
shown in Figures 4-6, which indicate the 
behavior of the temperature distribution using 
metal foam with different porosities in 
comparison to the pure paraffin. The general 
results indicated at all figures, and by applying 
different models mentioned earlier, a huge 
improvement in heat transfer rate and 
augmentation in temperatures distribution by 
using copper metal foam with the paraffin. On 
the other side, it can be noticed that the heat 
transfer rate enhanced with the decreasing of 
the porosity, that 0.88 porosity recorded the 
maximum improvement while the 0.98 porosity 
exhibited the minimum enhancement. The 
recordings at the porosities between 0.98 to 
0.88 show a gradual increase in heat transfer 
reaching the maximum at 0.88 porosity. Three 
models used to indicate the mentioned results 
each one follows a specific mechanism. The 
first model performed by Boomsma and 
Poulikakos [10], which based on empirical 
parameters with no respect for the ligament 
orientation. The model indicated improvement 
in thermal distribution toward the x-axis at 
different times as shown in Fig. 4, the thermal 
distribution increased gradually with time from 
300, 600, 900, reaching the maximum value at 
the 1200 s, which indicates the highest heat 
transfer rate as expected. The temperature 
distribution augmented with decreasing 
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porosity for all times. The modified model 
presented by Dai et al [11] included the 
ligament orientation effect to give higher 
improvement than the first model that 
temperature distribution along the x-axis gave 
higher recordings for all porosities and times as 
indicated in Fig. 5. Finally, the final model 
presented by Yao et al. [20] Fig. 6 which does 
not rely on empirical parameters and take into 
account the ligament orientation effect exhibit a 
mediator improvement lies in between 
Boomsma and Poulikakos [10], and Dai et al. 
[11]. The general behavior of the model 
resembles the other models that temperature 
distribution increased with time and by 
decreasing the porosity.

Fig. 4. Temperature distribution along the x-axis by 
using Boomsma and Poulikakos Model [10], (a) at 
300 s, (b) at 600 s, (c) at 900 s, (d) at 1200 s.
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Fig. 5: Temperature distribution along the x-axis by 
using Dai et al. Model [11], (a) at 300 s, (b) at 600 
s, (c) at 900 s, (d) at 1200 s.

Fig. 6. Temperature distribution along the x-axis by 
using Yao et al. Model [20], (a) at 300 s, (b) at 600 
s, (c) at 900 s, (d) at 1200 s.

5.2 The Temperature behavior versus time

The rising in temperature at specific points 
along the x-axis measured with time variation, 
where the temperature behavior detected at 1, 
25, 50, 75 mm, respectively. A significant 
increase in temperature achieved by using the 
copper metal foam with paraffin in comparison 
to the pure paraffin. The general behavior of 
the curve is a rapid increase in temperature 
reaching the maximum value 80 ˚C at x=1 mm, 
at the closest point to the temperature source as 
noticed from Figures 7 - 9 (a). On the other 
hand, the other Figures 7 - 9 (b), (c), and (d). 
shows a gradual increase in temperature 
depending on the position of the indicated 
point. The rising in temperature is faster which 
can be interpreted by the following, whenever 
the indicated point is closer to the temperature 
source, the effect of sensible heat is more clear 
which associated with latent heat and it can 
notice in 0 to 1400 s at 0.88 porosity and x = 25 
as shown in Fig. 7 (a). The mentioned effect of 
the sensible heat vanished gradually on the 
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latent heat zone when the measured point gets 
far from the temperature source as shown in 
Fig.7 (d). Which offers the effect of latent heat 
until the 1400 s then a rapid change in 
temperature as a sensible heat. The temperature 
behavior versus time detected by using a range 
of porosities 0.88 to 0.98 at various distances as 
it mentioned and by applying different models 
to indicate the effective thermal conductivity. 
One can observe that increasing in temperature 
with time enhanced by decreasing the porosity 
as shown in Figures 7 - 9, however, a 
paradoxical improvement recorded by using the 
presented models. The first model presented by 
Boomsma, and Poulikakos [10], indicated the 
maximum raising in temperature 80˚C, at 1400 
s for 0.88 porosity and x= 25 mm, while the 
maximum raising in temperature 80˚C, at 1750 
s for 0.9 porosity and x= 25 mm. The other 
used porosities 0.92 to 0.98 does not reach the 
maximum temperature 80˚C even after 2000 s 
(the whole time used for comparison) at x= 25 
mm. The explained behavior is the same at the 
all axis points x= 1, 25, 50, 75 mm used in the 
simulation. The second model for Dai et al 
[11], exhibit a higher performance as a result 
for counting the effect of ligament orientation. 
The model recorded maximum temperature 
80˚C, at 800 s for 0.88 porosity and x= 25 mm, 
while the maximum temperature 80˚C found at 
950, 1200, and 1600 s, for 0.9, 0.92, and 0.94 
porosity and x= 25 mm. The last model which 
completely based on theoretical parameters by 
Yao et al. [20], the outputs of the model lie in 
between the first and the second one. That 
maximum temperature 80˚, at 1000 s for 0.88 
porosity and x= 25 mm, while the maximum 
temperatures 80˚C, located at 1200, 1600, and 
1850 s, for 0.9, 0.92, and 0.94 porosities and 
x=25 mm.

Fig. 7. Temperature versus time at specific points 
along the x-axis by using Boomsma, and Poulikakos 
Model [10], (a) x=1 mm, (b) x=25 mm, (c) x=50 
mm, (d) x=75 mm.
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Fig.8. Temperature versus time at specific points 
along the x-axis by using Dai et al. Model [11], (a) 
x=1 mm, (b) x=25 mm, (c) x=50 mm, (d) x=75 mm.

Fig. 9. Temperature versus time at specific points 
along the x-axis by using Yao et al. Model [20], (a) 
x=1 mm, (b) x=25 mm, (c) x=50 mm, (d) x=75 mm.
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5.3 The effect of porosity on temperature 
differences (ΔT)

The temperature differences measured 
between two points x= 1 mm, and x= 25 mm, 
on the x-axis at various porosities. The ΔT 
indicated by using the three presented models 
to clarify the variation between each model in 
detecting the thermal distribution. The ΔT 
decreased with decreasing the porosity that the 
minimum recordings of ΔT found at 0.88 
porosity and increased gradually with 
increasing the porosity, and maximum ΔT 
detected at 0.98 as shown in Fig. 10. The 
figures exhibit a variation in the results 
depending on the used models. The reduction 
in ΔT values can be arranged according to the 
applied model from maximum to minimum 
which are Dai et al. [11], Boomsma and 
Poulikakos [10], and Yao et al., respectively. 
The figures show the importance of selecting 
the optimum porosity in enhancing the heat 
transfer rate and improving the thermal 
distribution which decreases the ΔT along the 
x-axis. In addition, the previous results show 
the paradoxical behavior between the presented 
models in the detection of the effective thermal 
conductivities and its effect on the general 
thermal behavior. Fig. 10. Temperature differences ΔT versus time (a) 

by applying Boomsma and Poulikakos, Model 
[10](b) by applying Dai et al. Model [11], (c) and by 
applying Yao et al. Model [20].

5.4 Melting front position

The movement of the melting front 
position along the x-axis versus the time shown 
in Fig. 11. where the position of the melting 
front phase moving forward with time as 
expected. On the other side, it can notice an 
improvement in the melting front position by 
using metal foam/paraffin composite in 
comparison to the pure paraffin. Moreover, an 
augmentation in the position of the melting 
front phase observed with decreasing the 
porosity for instance Fig. 11 (a). exhibit the 
position of the melting front phase at 0.029 m 
after 1200 s for 0.98 porosity and the position 
increased gradually reaching the maximum 
development at 0.09 m after the 1200 s for 0.88 
porosity. The mentioned behavior resembles 
for all used models. However, the models gave 
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a paradoxical recording in comparison with 
each other as shown in Fig. 11 (a), (b), and (c) 
which interpreted by the incompatible values of 
the effective thermal conductivity that found by 
models presented in this work.

Fig. 11. Mlting front position versus time   (a) by 
applying Bomsma and Poulikakos Model [10], (b) 
by applying Dai et al. Model [11], and (c) by 
applying Yao et al. Model [20].

6. Conclusions

The thermal behavior of paraffin wax 
supplied to constant temperature from one side 
and insulated from the other side studied. The 
effect of Copper metal foam impregnate in the 
paraffin on the thermal behavior was also 
achieved. Using different metal foam porosities 
to study the effect of metal foam porosity on 
paraffin/metal foam composite has been 
indicated. Three different models based on 3D 
tetrakaidecahedron shape for indicating the 
effective thermal conductivity for 
paraffin/metal foam composite accomplished. 
It can be noticed that copper metal foam can 
improve the thermal conductivity of the 
paraffin, significantly. The porosity is 
proportional inversely with heat transfer rate, 
whenever the porosity is small, the thermal 
distribution along the x-axis is improved and 
minimizes from temperature differences. In 
addition, the existence of metal foam results in 
a rapid rising in temperatures, with the 
decreases in porosity. According to the 
mentioned, 0.88 porosity can perform an 
optimum behavior for the heat transfer rate, 
which leads to perfect thermal distribution and 
minimize the temperature differences. The 
position of the melting front phase improved 
with time by using copper metal foam, that less 
time is required to achieve the complete 
melting process. The minimum porosity of 0.88 
recorded the maximum improvement in the 
position of the melting front phase. In other 
words, the velocity of the melting front phase 
augmented with minimizing the porosity. The 
previous data achieved by using three models 
and the models recorded incompatible results. 
The Boomsma and Poulikakos [10], indicated 
an impossible geometrical result, also Dai et al. 
[11] originally developed from Boomsma and 
Poulikakos. According to this, Yao et al.[20] is 
the most suggested model to give accurate 
results, for the models based on 3D 
tetrakaidecahedron shape. The mentioned 
suggestion supported by the comparison of the 
models with the experimental data presented by 
Yao et al [20]. 
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