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Abstract: A smart possible way to cool electronics equipment is represented by passive methods,
which do not require an additional power input, such as Phase Change Materials (PCMs). PCMs
have the benefit of their latent heat being exploited during the phase change from solid to liquid
state. This paper experimentally investigates the melting of different PCMs having different melting
temperatures (42, 55 and 64 ◦C). Two copper foams, having 10 PPI and relative densities of 6.7% and
9.5%, i.e., porosities of 93.3% and 90.5%, respectively, are used to enhance the thermal conductivity of
PCMs. The block composed by the PCM and the copper foam is heated from one side, applying three
different heat fluxes (10, 15 and 20 kW m−2): the higher the heat flux, the higher the temperature
reached by the heated side and the shorter the time for a complete melting of the PCM. The copper
foam with a relative density of 9.5% shows slightly better performance, whereas the choice of the
melting temperature of the PCM depends on the time during which the passive cooling system must
work. The effect of the foam material is also presented: a copper foam presents better thermal perfor-
mances than an aluminum foam with the same morphological characteristics. Finally, experimental
dimensionless results are compared against values predicted by a correlation previously developed.

Keywords: phase change material; copper foam; paraffin; electronics cooling

1. Introduction

The use of Phase Change Materials (PCMs) for electronics cooling applications is an
appealing topic nowadays. One of its possible implementations is in the fanless configurations
that the electronics industry is now pushing into the market. The heat transfer associated
with the phase change from solid to liquid state is much higher than the sensible enthalpy
change that can be exploited in the case of heat sinks based on natural/forced convection
processes. However, the majority of PCMs are characterized by low thermal conductivities,
with consequent high temperatures associated with the heated side. Therefore, solid media
inserted into the PCM should be used to enhance the conductivity of the PCM block.

Among the possible solid media, open-cell metal foams are one of the possible so-
lutions. Metal foams are cellular materials, with cells generated by ligaments which are
randomly oriented and distributed. Two main parameters classify open-cell foams: PPI
and relative density. PPI is the number of pores that can be counted in a linear inch. The
relative density is the ratio between the density of the foam and the density of the material
which the foam is made of. Generally speaking, typical values of relative density vary
from 2% to 15%. Higher values of relative density may lead to closed cells. The values of
the relative density also affect the shape of the section of the ligaments [1]. The present
research is focused on Duocel® copper foams, for which the typical values of PPI range
between 5 and 40, whereas the relative density varies from 3% to 12% [2].

Most of the works related to the phase change process solid-liquid/liquid-solid inside
metal foams are experimental and/or numerical studies. Till now, just a few studies tried
to analytically/empirically model the phase change process, even because these models are
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typical for the specific set up. As stated by Zhao [3], high-porosity open-cell metal foams
are considered as one of the most promising materials to enhance the heat transfer with
PCM due to their high thermal conductivities and high surface area densities.

Zhou and Zhao [4] experimentally studied the heat transfer characteristics of a paraffin
and of a hydrated salt embedded in open-cell metal foams and expanded graphite. The
experimental results indicated that, compared to the case without any insert, adding a
porous material can enhance the heat transfer rate of the PCM: at the same heat flux, the
temperature of the heater is lower, and the melting time is shortened.

Li et al. [5] experimentally and numerically investigated the melting phase change
heat transfer of paraffin embedded inside copper foams with porosities higher than 0.90. It
was shown that the melting heat transfer is enhanced by the higher thermal conductivity
of the metallic foams, even though their presence inhibits the natural convection. The
numerical model was able to predict the experimental findings.

Another experimental and numerical study was proposed by Chen et al. [6], who
studied the melting process at the pore scale using an infrared camera to monitor the
temperature field and an optical microscope to observe the melting evolution of the PCM.
The good thermal performance of the system was mainly due to the augmented thermal
conductivity of the PCM block due to the presence of the solid matrix. Other experimental
and numerical studies about PCM melting inside metal foams can be found in Hu and
Patnaik [7], Yang and Garimella [8], Sundarram and Li [9] and Mancin et al. [10].

Considering more recent papers which analyze the heat transfer of PCMs embedded
in metal foams, Zhu et al. [11] investigated the transient performance of a heat sink filled
with a copper foam and a PCM. They considered two copper foams (15 PPI and 30 PPI)
with a porosity of about 96% and a PCM with a melting temperature of 46 ◦C. The effect of
the filling ratio both on the heating process and on the cool-down process was investigated.
The experimental results revealed that the porosity had an insignificant effect at lower
heating powers, whereas a better thermal performance can be achieved with larger pore
sizes at high heating powers, whereas no effect of PPI was observed during cool-down. A
partial filling strategy can be considered to reduce costs while maintaining a good thermal
performance. The effect of the filling ratio, as well as of the porosity of the foam, was
numerically studied by Joshi and Rathod [12]. Numerical results showed that only the
lowest filling ratio tested (0.25 of the height) led to a benefit on the thermal performance.
Further increases of the filling ratio from 0.75 to 1 times the height of the foam required
about the same melting time. As a general statement, the total melting rate was found to
decrease as both filling ratio and porosity decreased.

Yang et al. [13] considered the heat transfer in solidification of PCMs embedded in
metal foams with the insertion of pin fins. The experimental results indicated that the
insertion of pin fins greatly improved the solidification process regardless of gradient in
pore parameters. The solidification rate could be further improved acting on the gradient
in porosity rather than of on the parent material. The best structure was recommended to
be a pin fins-metal foam hybrid matrix with gradient in metal foam porosity.

Marri and Balaji [14] experimentally and numerically studied the thermal performance
of a PCM-metal foam heat sink with a cylindrical shape. Studies were conducted for
aluminum foams with different PPI (8, 14 and 20), different porosities (90%, 94% and 97%),
encapsulated with n-eicosane as the phase change material. The results indicated that
either decreasing the porosity or increasing the PPI from the bottom to the top enhanced the
thermal performance of the heat sink compared to the case with uniform porosity and PPI.

Iasiello et al. [15] presented experimental and numerical results on PCMs embedded in
aluminum foams under different heat fluxes, porosities, PPIs and orientation. An infrared camera
was used to capture the temperature distribution with the aim of tracking the melting front.

Examples of practical applications of PCMs can be found in Madruga [16], who
demonstrated how a PCM can improve the performance of a Thermoelectric Generator
joined to a thermal storage unit; in Carmona et al. [17], who considered a latent heat thermal
energy storage with phase change materials incorporated in a domestic hot water systems;
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and in Dardir et al. [18], who developed a new concept of PCM-to-air heat exchanger aimed
at increasing the cooling charging power of the system.

Just a few works tried to empirically or analytically model the phase change process
from solid to liquid state with solid media inserted into the PCM. Among these works,
Mallow et al. [19], based on their experimental data collected during melting of two waxes
with melting temperature of 37 and 54 ◦C inside alumina and graphite foams, proposed
an empirical correlation to correlate a dimensionless temperature to a modified Fourier
number. A similar approach was implemented by Diani and Campanale [20]. Based
on experimental data during melting of three paraffins having three different melting
temperatures, embedded in aluminum foams with different PPI and approximately the
same porosity, they proposed a correlation to correlate a dimensionless temperature to the
product between the Stefan number and the Fourier number.

This paper presents experimental results during the melting process of three paraffin
waxes, namely RT42, RT55 and RT64HC, into two copper foams with the same linear
porosity (10 PPI), but different volumetric porosity (93.3% and 90.5%), in order to catch
the effect of this geometrical parameter. The comparison against the data obtained with
aluminum foams shows also the effect of the foam material. The experimental results will
permit us to validate empirical correlations which also take into account the volumetric
porosity and foam material.

2. Copper Foams and Paraffin Waxes

Two Duocel® copper (C10100 alloy) foams were tested during melting of phase change
materials. The tested foams are made in a sandwichlike arrangement, i.e., the copper foam is
brazed between two copper plates: the core of each foam has a height of 20 mm, whereas each
copper plate has a height of 10 mm. The copper foams, and consequently the copper plates,
have a square base with an edge of 100 mm. A picture of one of the two tested copper foams in
the sandwichlike arrangement is reported in Figure 1, as well as its geometrical sizes.
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Figure 1. Copper foam with geometrical dimensions. Figure 1. Copper foam with geometrical dimensions.

Holes were drilled inside the plates, to host T-type calibrated thermocouples to moni-
tor the wall temperature distribution during the heating process. Further details about the
arrangement of the thermocouples are reported in [20].

The two copper foams have the same number of pores per linear inch (10), but different
relative density ρr (6.7% and 9.5%), thus allowing us to better understand the effect of
this parameter on the melting behavior of PCMs embedded in metal foams. The main
geometrical characteristics of the tested copper foams are listed in Table 1, where the
volumetric porosity ε is the ratio between the volume occupied by the empty spaces and
the total volume (foam and empty spaces). The two foams are named Cu-10-6.7 and
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Cu-10-9.5, where the first term indicates the parent material, the second one indicates the
number of pores per linear inch, and the third one is the relative density in percentage.

Table 1. Geometrical parameters of the tested copper foams.

Parameter Cu-10-6.7 Cu-10-9.5

Number of Pores Per Inch, PPI a (inch−1) 10 10
Relative Density, ρr

a (–) 0.067 0.095
Porosity, ε a (–) 0.933 0.905

Fiber Thickness, t b (mm) 0.390 0.403
Fiber Length, l b (mm) 1.583 1.378

Surface Area per Unit of Volume, asv
a (m−1) 698 831

a Provided by the manufacturer [2]. b Measured by Mancin et al. [21].

The described copper foams are the solid media used to enhance the thermal con-
ductivity of three different paraffine waxes, which are used as phase change material.
The paraffin waxes used in the present research are named RT42, RT55 and RT64HC. The
number that appears in the name means the characteristic melting temperature of the
paraffin, even if it would be better to talk about a melting temperature range instead of a
single melting temperature. These PCMs are chemically inert with a stable performance
through the phase change cycles. Table 2 lists the main thermophysical characteristics of
the tested PCMs.

Table 2. Thermophysical characteristics of the tested paraffins. Data by the manufacturer [22].

Property RT42 RT55 RT64HC

Melting Temperature Range 38–43 51–57 63–65 (◦C)
Heat Storage Capacity a 165 170 250 (kJ kg−1)
Specific Heat Capacity 2 2 2 (kJ kg−1 K−1)

Density Solid b 0.88 0.88 0.88 (kg dm−3)
Density Liquid c 0.76 0.77 0.78 (kg dm−3)

Thermal Conductivity (both phases) 0.2 0.2 0.2 (W m−1 K−1)
Volume Expansion 12.5 14 11 (%)

a Combination of latent and sensible heat in a temperature range of 35 ◦C to 50 ◦C. b Evaluated at 15 ◦C for RT42
and RT55, at 20 ◦C for RT64HC. c Evaluated at 80 ◦C.

3. Experimental Set Up

The experimental set up was designed to carry out transient experimental tests during
heating of the module while recording the temperatures of both the heated side and of the
paraffin melting inside the module.

To limit the heat losses through the ambient surroundings as much as possible, a Teflon
case was developed to host both the paraffin embedded in the metal foam and the heating
element. A schematic of the Teflon module can be found in Diani and Campanale [20].

Three different heat fluxes (10, 15 and 20 kW m−2) were supplied to the foam block
by means of an electrical heater. It consists of a copper plate inside which a guide was
milled to host a nickel-chrome wire resistance. A schematic of the electrical heater can
be found in Diani and Campanale [20]. This electrical resistance is electrically insulated
from the plate with a heat shrink sheath and inserted into the guide with thermal grease.
A thin copper plate is screwed to the plate to enclose the electrical resistance. Therefore,
samples are electrically heated by the Joule effect. The electrical heater is connected to a
DC (Direct Current) power supplier. The supplied electrical power is measured by two
distinct measurements of Electric Differential Potential (EDP). The first one is across the
nickel-chrome wire inserted into the heater, and it permits to know the voltage V. The
second one is across a calibrated reference resistance (shunt), which is in series with the
electric heater: this EDP measurement allows us to calculate the current I flowing into the
circuit from the Ohm’s law, since the shunt has a known reference resistance. Consequently,
the supplied electric power can be calculated as the product between the voltage V and
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the current I. Heat fluxes are calculated by dividing the electric power by the area of the
heated plate, i.e., 100 × 100 mm2.

The metal foams are tested in an upright position, as reported in Figure 2, and so they
are laterally heated (from the left side of the figure). In order to enclose the sandwichlike
arrangement of the foam block, two bakelite plates are glued to the foam block (one plate
on the bottom, and the other one on the rear side) as reported in Figure 2. A glass window
is glued on the front side, and it permits us to visualize the phase change process occurring
inside the foam. The top part is left open to permit the filling of the foam with the paraffin
wax. Samples are considered filled when the liquid level reaches the top part of the foam.
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Besides the thermocouples inserted into the copper plates to monitor the wall tem-
perature, three additional T-type thermocouples were inserted into as many holes drilled
into the right side of the PCM/foam block to monitor the temperature distribution of
the phase change material. These thermocouples were inserted on the right side, and the
correspondent three holes in the right copper plate represent their location (see Figure 2).
These thermocouples (accuracy of ± 0.5 K) are sheathed in stainless steel to give stiffness
to reach the middle section of the PCM/foam block. All the implemented thermocouples
are connected to a Kaye 170 ice point reference. All the signals, i.e., of the thermocouples
and of the two EDP measurements, are recorded using a HP34970A multimeter.

4. Experimental Results

Every foam structure is tested with three different heat fluxes (10, 15 and 20 kW m−2),
each one with three different paraffin waxes having different melting temperatures (42,
55 and 64 ◦C). Two copper foams are tested (Cu-10-6.7 and Cu-10-9.5). Therefore, a total
amount of 18 experimental tests are carried out, allowing us to understand the effect of
heat flux, melting temperature and foam porosity on the melting behavior. Furthermore,
a comparison against an aluminum foam with 10 PPI and a relative density of 7.4% is
presented, allowing us to understand the effect of the foam material.

4.1. Experimental Procedure

The first step is the filling of the foam structure with the paraffin, and this procedure is
deemed concluded once the liquid paraffin wax fills the entire foam structure. Once filled,
the module is left to cool down until ambient temperature, i.e., the heating process starts
from ambient temperature. The data acquisition system starts, as well as the recording
process starts, as soon as the DC current generator is switched on. The data acquisition
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system permits us to record every signal approximately every 4 s. Each experimental test is
deemed concluded as soon as all the PCM is melted inside the foam. Besides the recorded
signals, pictures are taken in order to monitor the melting process during the heating
process through the glass window. These pictures permit us to observe how the melting
front propagates inside the PCM during the heating process. The following experimental
results will be given in terms of temperature profiles (average value of the temperature
of the heated side or temperatures of the PCM) during the heating process until the PCM
inside the structures is fully melted.

4.2. Melting Behavior

Figure 3 reports the temperatures of the heated side and of the PCM at three different
locations plotted against the time for the foam Cu-10-6.7 with the paraffin having a melting
temperature of 42 ◦C with an imposed heat flux of 10 kW m−2, i.e., 100 W. The analysis
of the temperature trends that will be explained in this paragraph can be extended for
the other heat fluxes and paraffins as well as for the other foam. The time needed to
completely melt the PCM and the temperature reached by the heated side will depend
on the combination of foam, paraffin and heat flux. The effect of these parameters will be
explained in the next paragraphs.
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The red line represents the average temperature of the plate in contact with the heater.
It is worth underlining that all the recorded wall temperatures are within ± 1 K, which
means that the heating is constant along the height of the sample during the heating
process, allowing us to consider an average temperature for the heated side instead of
single wall temperatures. Since the experimental tests start at ambient temperature, the
temperature recorded at time t = 0 s represents the ambient temperature. The temperature
of the heated side increases as the heating process proceeds, and its slope changes when
the temperature reaches the temperature range of the melting process. The first part of the
test, until the melting temperature is reached, is characterized by only sensible heat. After
the melting temperature, latent heat also starts to be involved, with a consequent change of
the slope of the curve of the heated side temperature.

The melting temperature of this paraffin is between 38 ◦C and 43 ◦C: this is reflected
on the three lines (green, blue and grey) related to the temperatures of the PCM recorded by
the thermocouples which measure the PCM temperature in the middle of the PCM/foam
block at three different heights: 25, 50 and 75 mm. As can be seen in the figure, there are two
changes of the slope of these lines: the first one is in correspondence with the lower value of
the melting temperature range (when the melting process starts in that location), whereas
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the second one is in correspondence with the upper value of the melting temperature
range (when the melting process ends in that location). Furthermore, it can be noted that
these three lines collapse into one line during the heating process: this means that the
melting front propagates as a vertical line at least until the centerline of the PCM/foam
block is reached.

Figure 3 can be coupled with Figure 4, which shows some pictures taken from the
glass window of the module at different moments. When the melting of the PCM starts,
there is a change of the transparency of the paraffin: at 420 s for instance, the temperature
of the heated side is higher than the melting temperature, and therefore the paraffin on
the left side has a different transparency compared to the paraffin on the right side. The
sequence of these pictures demonstrates that, for the considered physical sizes of the foam
block, the melting front is quite parallel to the heated side, meaning that the 20 mm thick
foam structure tends to inhibit the natural convection of the PCM. As time goes by, the
melted liquid paraffin tends to overcome the solid paraffin due to volume variation from
solid to liquid conditions, and this may explain the reason why the last part of PCM to
melt is on the bottom right corner of the foam.

Materials 2021, 14, x FOR PEER REVIEW 7 of 14 
 

 

means that the melting front propagates as a vertical line at least until the centerline of the 
PCM/foam block is reached. 

Figure 3 can be coupled with Figure 4, which shows some pictures taken from the 
glass window of the module at different moments. When the melting of the PCM starts, 
there is a change of the transparency of the paraffin: at 420 s for instance, the temperature 
of the heated side is higher than the melting temperature, and therefore the paraffin on 
the left side has a different transparency compared to the paraffin on the right side. The 
sequence of these pictures demonstrates that, for the considered physical sizes of the foam 
block, the melting front is quite parallel to the heated side, meaning that the 20 mm thick 
foam structure tends to inhibit the natural convection of the PCM. As time goes by, the 
melted liquid paraffin tends to overcome the solid paraffin due to volume variation from 
solid to liquid conditions, and this may explain the reason why the last part of PCM to 
melt is on the bottom right corner of the foam. 

 
Figure 3. Temperature profiles during melting of the paraffin RT42 inside the 10 PPI copper foam 
with a porosity of 0.933 with an imposed heat flux of 10 kW m−2. 

 
Figure 4. Melting front of the paraffin RT42 inside the 10 PPI copper foam with a porosity of 0.933 
with an imposed heat flux of 10 kW m−2. 

Similar conclusions can be drawn for the other foam and for the other combinations 
of heat fluxes and melting temperatures. The time needed to completely melt the PCM 
and the temperatures at the end of the heating process will change depending on the test 

Figure 4. Melting front of the paraffin RT42 inside the 10 PPI copper foam with a porosity of 0.933
with an imposed heat flux of 10 kW m−2.

Similar conclusions can be drawn for the other foam and for the other combinations
of heat fluxes and melting temperatures. The time needed to completely melt the PCM
and the temperatures at the end of the heating process will change depending on the
test conditions. Table 3 reports, for each combination of foam, paraffin and heat flux, the
temperatures of the heated side at the beginning and at the end of the test, as well as the
time needed to completely melt the phase change material inside the foam. Generally
speaking, the foam Cu-10-9.5 requires slightly shorter times to completely melt the paraffin,
except for the case with the paraffin RT42 with an imposed heat flux of 10 kW m−2, since
in this case the initial temperature for the test with the foam Cu-10-9.5 is about 2.3 K lower
than that of the test with the foam Cu-10-6.7. The effect of each parameter will be discussed
in the next paragraphs.

4.3. Effect of Heat Flux

The effect of the heat flux on the melting process is reported in Figure 5, which reports
∆T versus time for the foam Cu-10-6.7 embedded with the paraffin RT42. ∆T represents
the difference between the temperature of the wall in contact with the heater and the initial
temperature. Considering ∆T instead of the temperature itself allows us to compare data
with different initial temperatures. However, the three experimental conditions considered
in Figure 5 have initial temperatures within ± 2.1 K.
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Table 3. Summary of the experimental results.

Experimental Test Ti (◦C) Tf (◦C) tmelt (s)

Cu-10-6.7, RT42, HF = 10 kW m−2 21.78 59.21 940
Cu-10-6.7, RT42, HF = 15 kW m−2 19.88 65.85 705
Cu-10-6.7, RT42, HF =20 kW m−2 19.68 71.07 558
Cu-10-6.7, RT55, HF = 10 kW m−2 20.67 70.71 1332
Cu-10-6.7, RT55, HF = 15 kW m−2 20.45 77.72 927
Cu-10-6.7, RT55, HF = 20 kW m−2 20.74 84.63 728

Cu-10-6.7, RT64HC, HF = 10 kW m−2 18.20 84.73 1941
Cu-10-6.7, RT64HC, HF = 15 kW m−2 21.25 92.71 1235
Cu-10-6.7, RT64HC, HF = 20 kW m−2 22.69 99.38 927

Cu-10-9.5, RT42, HF = 10 kW m−2 19.49 56.02 946
Cu-10-9.5, RT42, HF = 15 kW m−2 20.60 62.00 645
Cu-10-9.5, RT42, HF = 20 kW m−2 20.55 64.76 488
Cu-10-9.5, RT55, HF = 10 kW m−2 21.05 67.55 1245
Cu-10-9.5, RT55, HF = 15 kW m−2 19.65 73.70 876
Cu-10-9.5, RT55, HF = 20 kW m−2 19.75 78.91 682

Cu-10-9.5, RT64HC, HF = 10 kW m−2 22.66 82.68 1751
Cu-10-9.5, RT64HC, HF = 15 kW m−2 21.97 88.63 1172
Cu-10-6.7, RT64HC, HF = 20 kW m−2 21.36 93.19 899
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Figure 5. Effect of heat flux on the difference between wall and initial temperatures for the 10 PPI
copper foam with a porosity of 0.933 with the paraffin RT42.

As expected, the heat flux affects both the time needed to completely melt the PCM
inside foam and the temperature reached by the heated side at the end of the melting
process: the higher the heat flux, the shorter the time needed for a complete melting and
the higher the temperature of the heated wall. Similar conclusions, but with different
values of final temperatures and times needed for a complete melting of the PCM, can be
drawn from Table 3 for the other foam and for the other paraffin waxes.

4.4. Effect of Melting Temperature

The effect of the melting temperature is shown in Figure 6. The figure reports the
difference between the wall temperature of the heated side and the initial temperature
plotted against the time, for the foam Cu-10-6.7 with an imposed heat flux of 10 kW m−2

for three different PCMs having different melting temperatures. The melting temperature
has almost no effect on the first part of the experimental test, where only sensible heat is
involved, since all the three tested paraffins have similar thermophysical properties for the
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solid state. As soon as the melting temperature is reached, the slope of the curve changes,
and, as a result, the curve related to the paraffin RT42 is the first one that changes its slope,
followed by RT55 and RT64HC.
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Figure 6. Effect of melting temperature on the difference between wall and initial temperatures for
the 10 PPI copper foam with a porosity of 0.933 with an imposed heat flux of 10 kW m−2.

The melting temperature affects both the time needed to completely melt the PCM
and the temperature of the heated side at the end of the melting process. The lower the
melting temperature, the sooner the melting process ends, since a lower amount of sensible
heat is needed to start the melting process. The higher the melting temperature, the higher
the temperature of the heated side at the end of the melting process. These considerations
should be considered in order to optimize the choice of the melting temperature of a PCM
in real applications. Considering, for instance, the working conditions reported in Figure 6,
the paraffin RT42 can be considered the best choice until 950 s, the paraffin RT55 from
950 s to approximately 1400 s, the paraffin RT64HC for longer times, i.e., the choice of the
melting temperature of the PCM depends on the time during which the metal foam/PCM
based heat sink should work. Similar trends can be drawn for the other foams and for the
other heat fluxes.

4.5. Effect of Relative Density

The effect of the foam’s relative density is reported in Figure 7. The figure reports the
difference between the temperature of the heated side and the initial temperature plotted
against the time for the paraffin RT42 with an imposed heat flux of 15 kW m−2 for two
copper foams with the same number of PPI but different relative density.

The difference of the foam relative densities for the two tested samples is quite limited
(6.7% and 9.5%), and so there is a small difference between the two curves. However, the
effect of the foam’s relative density seems to be clear: the higher the foam relative density,
the better the thermal performance, i.e., the lower the difference between the heated side
and the initial temperature. This can be attributed to the higher thermal conductivity
of the sample with the highest foam relative density, which leads to lower temperatures
of the heated side at constant heat flux and PCM. The higher the relative densities, the
shorter the time needed to complete the melting of the PCM embedded in the foam matrix.
Larger differences in foams’ relative densities may have led to larger differences in the
thermal performances. Similar conclusions can be drawn for the other combinations of
phase change material and heat flux.
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tures for the paraffin RT42 with an imposed heat flux of 15 kW m−2 for the two 10 PPI copper foams.

4.6. Effect of Foam Material

The effect of the foam parent material is shown in Figure 8. The figure reports the
difference between the heated wall temperature and the initial temperature, plotted against
the time, for the paraffin with a melting temperature of 42 ◦C with an imposed heat flux of
10 kW m−2, for two foams with different parent material but with the same number of PPI
and about the same relative density (6.7% for the copper foam and 7.4% for the aluminum
foam). The data for the aluminum foam are borrowed from Diani and Campanale [20].
The parent material has no effect on the time needed to completely melt the PCM inside
the foam block, but it affects the temperature difference: the copper foam shows a lower
temperature difference, i.e., a lower temperature on the heated side, which is more favorable
for a real application. This can be attributed to the higher thermal conductivity of the
parent material, which enhances the thermal performance at constant heat flux and melting
temperature. Similar conclusions can be drawn for the other combinations of heat flux and
melting temperature.
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the paraffin RT42 with an imposed heat flux of 10 kW m−2.
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5. Empirical Modeling

In this section, the experimental results of time needed for a complete melting of the
PCM and the temperature reached by the heated side at the end of the heating process
are compared against the values predicted by the correlation proposed by Diani and
Campanale [20]. The model correlates a dimensionless temperature, θ, to the product
between Fourier number, Fo, and Stefan number, Ste, as, Equation (1):

θ = 1.9073·(Fo·Ste)−0.717 (1)

where the dimensionless numbers can be expressed as, Equations (2) and (3):

θ =
Tf − Tmelt

Tmelt − Ti
(2)

Fo·Ste =
ke f f f ·tmelt·(Tmelt − Ti)

ρe f f ·h2·Le f f
(3)

with Tf final temperature of the heated side, Tmelt melting temperature of the PCM, Ti initial
temperature, keff effective thermal conductivity, which considers both the contribution of
the foam parent material and of the PCM, tmelt time needed to completely melt the PCM,
ρeff effective density, which considers both parent material and PCM, h foam thickness
(20 mm in the actual case), Leff effective latent heat. Further details can be found in Diani
and Campanale [20]. The effective thermal conductivity keff is calculated as suggested by
the manufacturer [2], and as reported by Mallow et al. [19], as, Equation (4):

ke f f = 0.33·ksolid·(1 − ε) (4)

where ksolid is the thermal conductivity of the parent material. In the present case, consider-
ing a copper thermal conductivity of 390 W m−1 K−1, the effective thermal conductivity of
the foam Cu-10-6.7 is 8.6 W m−1 K−1, whereas it is 12.2 W m−1 K−1 for the foam Cu-10-9.5.

Figure 9 shows the dimensionless temperature plotted against the product between Fourier
number and Stefan number for the experimental data as well as the trend of Equation (1). The
correlation was developed from experimental data obtained during the melting of paraffins
embedded in aluminum foams. The correlation is also able to predict the experimental values
for copper foams in the sandwichlike arrangement. The correlation shows a relative, absolute
and standard deviation of-11.2, 12.0 and 8.6%, respectively, for the actual data.
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6. Conclusions

The paper investigated the melting of phase change materials (paraffins) embedded
in two copper foams, having the same number of PPI (10) but different relative density.
Three different melting temperatures were tested (42, 55 and 64 ◦C) and three different heat
fluxes (10, 15 and 20 kW m−2) were supplied. Samples were laterally heated by means of
an electrical heater.

The main findings are the following:

• The melting front is almost parallel to the heater, except in the last part of the test,
where liquid paraffin tends to overcome the solid paraffin due to volume variation
during phase change from solid to liquid conditions.

• The higher the heat flux, the sooner the PCM reaches a complete melting and the
higher the temperature reached by the heated side.

• The higher the melting temperature, the longer the time needed to completely melt
the PCM and the higher the temperature reached by the heated side. The optimum
choice of the melting temperature of the PCM should consider the time during which
the PCM/foam based heat sink will work.

• The range of tested relative densities is quite limited, and so there is a weak effect
of this parameter on the actual experimental results. However, the trend seems to
highlight that the higher the foam relative density, the better the thermal performance.

• The higher the thermal conductivity of the parent foam material, the lower the tem-
perature reached by the heated side, and the parent foam material does not affect the
time needed for a complete melt.

• The correlation proposed by Diani and Campanale [20] is also suitable for copper
foams in a sandwichlike arrangement.

Author Contributions: Conceptualization, A.D.; validation, A.D., investigation, A.D.; writing—
original draft preparation, A.D.; visualization, A.D.; supervision, L.R.; funding acquisition, L.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MIUR through PRIN Project 2017F7KZWS_005 and by
Università degli Studi di Padova through Project CPDA107382 and Project BIRD172935/17.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: Giulio Parpinello is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bhattacharya, A.; Calmidi, V.V.; Mahajan, R.L. Thermophysical properties of high porosity metal foams. Int. J. Heat Mass Transf.

2002, 45, 1017–1031. [CrossRef]
2. ERG Material & Aerospace. Available online: http://ergaerospace.com/materials/duocel-copper-foam/ (accessed on

7 January 2021).
3. Zhao, C.Y. Review on thermal transport in high porosity cellular metal foams with open cells. Int. J. Heat Mass Transf. 2012,

55, 3618–3632. [CrossRef]
4. Zhou, D.; Zhao, C.Y. Experimental investigations on heat transfer in phase change materials (PCMs) embedded in porous

materials. Appl. Therm. Eng. 2011, 31, 970–977. [CrossRef]
5. Li, W.Q.; Qu, Z.G.; He, Y.L.; Tao, W.Q. Experimental and numerical studies o melting phase change heat transfer in open-cell

metallic foams filled with paraffins. Appl. Therm. Eng. 2012, 37, 1–9. [CrossRef]
6. Chen, Z.; Gao, D.; Shi, J. Experimental and numerical study on melting of phase change materials in metal foams at pore scale.

Int. J. Heat Mass Transf. 2014, 72, 646–655. [CrossRef]
7. Hu, X.; Patnaik, S.S. Modeling phase change material in micro-foam under constant temperature condition. Int. J. Heat Mass

Transf. 2014, 68, 677–682. [CrossRef]

http://doi.org/10.1016/S0017-9310(01)00220-4
http://ergaerospace.com/materials/duocel-copper-foam/
http://doi.org/10.1016/j.ijheatmasstransfer.2012.03.017
http://doi.org/10.1016/j.applthermaleng.2010.11.022
http://doi.org/10.1016/j.applthermaleng.2011.11.001
http://doi.org/10.1016/j.ijheatmasstransfer.2014.01.003
http://doi.org/10.1016/j.ijheatmasstransfer.2013.09.054


Materials 2021, 14, 1195 13 of 13

8. Yang, Z.; Garimella, S.V. Melting of phase change materials with volume change in metal foams. J. Heat Transf. 2010, 132, 062301–
0623011. [CrossRef]

9. Sundarram, S.S.; Li, W. The effect of pore size and porosity on thermal management performance of phase change material
infiltrated microcellular metal foams. Appl. Therm. Eng. 2014, 64, 147–154. [CrossRef]

10. Mancin, S.; Diani, A.; Doretti, L.; Hooman, K.; Rossetto, L. Experimental analysis of phase change phenomenon of paraffin waxes
embedded in copper foams. Int. J. Therm. Sci. 2015, 90, 79–89. [CrossRef]

11. Zhu, Z.Q.; Huang, Y.K.; Hu, N.; Zeng, Y.; Fan, L.W. Transient performance of a PCM-based heat sink with a partially filled metal
foam: Effect of the filling height ratio. Appl. Therm. Eng. 2018, 128, 966–972. [CrossRef]

12. Joshi, V.; Rathod, M.K. Thermal performance augmentation of metal foam infused phase change material using a partial filling
strategy: An evaluation for fill height ratio and porosity. Appl. Energ. 2019, 253, 113621. [CrossRef]

13. Yang, X.; Wei, P.; Liu, G.; Bai, Q.; He, Y.L. Performance evaluation on the gradient design of pore parameters for metal foam and
pin fin-metal foam hybrid structure. Appl. Therm. Eng. 2020, 175, 115416. [CrossRef]

14. Marri, G.K.; Balaji, C. Experimental and numerical investigations on the effect of porosity and PPI gradients of metal foams on
the thermal performance of a composite phase change material heat sink. Int. J. Heat Mass Transf. 2021, 164, 120454. [CrossRef]

15. Iasiello, M.; Mameli, M.; Filippeschi, S.; Bianco, N. Metal foam/PCM melting evolution analysis: Orientation and morphology
effects. Appl. Therm. Eng. 2021, 187, 116572. [CrossRef]

16. Madruga, S. Modeling of enhanced micro-gravity harvesting of thermal ambient fluctuations with metallic foams embedded in
Phase Change Materials. Renew. Energy 2021, 168, 424–437. [CrossRef]

17. Carmona, M.; Rincon, A.; Gulfo, L. Energy and exergy model with parametric study of a hot water storage tank with PCM for
domestic applications and experimental validation for multiple operational scenarios. Energ. Convers. Manag. 2020, 222, 113189.
[CrossRef]

18. Dardir, M.; Roccamena, L.; El Mankibi, M.; Haghighat, F. Performance analysis of an improved PCM-to-air heat exchanger for
building envelope applications—An experimental study. Sol. Energy 2020, 199, 704–720. [CrossRef]

19. Mallow, A.; Abdelaziz, O.; Graham, S. Thermal charging performance of enhanced phase change material composites for thermal
battery design. Int. J. Therm. Sci. 2018, 127, 19–28. [CrossRef]

20. Diani, A.; Campanale, M. Transient melting of paraffin waxes embedded in aluminium foams: Experimental results and
modelling. Int. J. Therm. Sci. 2019, 144, 119–128. [CrossRef]

21. Mancin, S.; Zilio, C.; Diani, A.; Rossetto, L. Experimental air heat transfer and pressure drop through copper foams. Exp. Therm.
Fluid Sci. 2012, 36, 224–232. [CrossRef]

22. Rubitherm Technologies GmbH. Available online: https://www.rubitherm.eu/en/index.php/productcategory/organische-
pcm-rt (accessed on 7 January 2021).

http://doi.org/10.1115/1.4000747
http://doi.org/10.1016/j.applthermaleng.2013.11.072
http://doi.org/10.1016/j.ijthermalsci.2014.11.023
http://doi.org/10.1016/j.applthermaleng.2017.09.047
http://doi.org/10.1016/j.apenergy.2019.113621
http://doi.org/10.1016/j.applthermaleng.2020.115416
http://doi.org/10.1016/j.ijheatmasstransfer.2020.120454
http://doi.org/10.1016/j.applthermaleng.2021.116572
http://doi.org/10.1016/j.renene.2020.12.041
http://doi.org/10.1016/j.enconman.2020.113189
http://doi.org/10.1016/j.solener.2020.02.072
http://doi.org/10.1016/j.ijthermalsci.2017.12.027
http://doi.org/10.1016/j.ijthermalsci.2019.06.004
http://doi.org/10.1016/j.expthermflusci.2011.09.016
https://www.rubitherm.eu/en/index.php/productcategory/organische-pcm-rt
https://www.rubitherm.eu/en/index.php/productcategory/organische-pcm-rt

	Introduction 
	Copper Foams and Paraffin Waxes 
	Experimental Set Up 
	Experimental Results 
	Experimental Procedure 
	Melting Behavior 
	Effect of Heat Flux 
	Effect of Melting Temperature 
	Effect of Relative Density 
	Effect of Foam Material 

	Empirical Modeling 
	Conclusions 
	References

