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Abstract: In this work, a commercial paraffin PCM (RT35) characterized by a change range of
the solid-liquid phase transition temperature Ts-l = 29–36 ◦C and the low thermal conductivity
λSL = 0.2 W/m K is experimentally tested by submitting it to thermal charging/discharging cycles.
The paraffin is contained in a case with a rectangular base and heated from the top due to electrical
resistance. The aim of this research is to show the benefits that a 95% porous copper metal foam (pore
density PD = 20 PPI) can bring to a PCM-based thermal storage system by simply loading it, due to
the consequent increase in the effective thermal conductivity of the medium (λLOAD = 7.03 W/m K).
The experimental results highlight the positive effects of the copper foam presence, such as the heat
conduction improvement throughout the system, and a significant reduction in time for the complete
melting of the PCM. In addition, the experimental data highlight that in the copper-foam-loaded
PCM the maximum temperature reached during the heating process is lower than 20 K with respect
to the test with pure PCM, imposing the same heat flux on the top (P = 3.5 W/m2).

Keywords: phase change material; metal foam; thermal homogeneity; energy storage; LTESS; heat
conductivity; melting cycle

1. Introduction

Renewable energy sources are usually non-programmable sources which need storage
systems to balance energy demand with energy production. For thermal applications,
if the heat generation is obtained using discontinuous energy sources such as solar or
wind energy [1], the introduction of thermal energy storage systems (TESSs) is mandatory.
Among the TESSs, the PCM-based ones are acquiring more and more importance due
to the high latent heat storage capability of these materials which results in a significant
storage volume reduction for a fixed quantity of energy stored [2]. Many papers have
been devoted to the characterization of latent thermal energy storage systems (LTESSs)
and nowadays PCM LTESSs find applications in several fields: civil [1,3], textile [4,5], food
transport [6,7], agriculture [8], air conditioning [9], additive manufacturing (AM) for heat
exchangers (HXs) [10], electronics [11–13], solar systems [14,15], and automotive [16–19].
Nazir et al. [20] propose a deep overview about several kinds of PCMs (different for their
chemistry, phase change mechanisms, and melting points), focusing on their exploitation
in several applications. For instance, they analyse PCM thermal storage capability in
concentrating solar power (CSP) and battery thermal management (BTM) systems; they
discuss PCM use in the civil field (photovoltaic panels coupled with a TESS for the thermal
management of building envelopes) and highlight the benefits coming from the adoption of
a PCM-based TES with respect to ordinary water storage (solar water heater). Concerning
the automotive sector, electric vehicle (EV) market growth has given a boost to the research
in the BTM direction. As a BTMS must prevent the battery pack (BP) from reaching
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temperatures outside the optimal working range (15–40 ◦C for Li-ion cells [21]), preserving
its performance, safety, and state of health (SOH), PCMs are increasingly studied in this
field, too. There are several reasons for a Li-ion battery (LIB) fault, such as thermal,
mechanical, or electrical abuses [22], and the strategies to reduce potential accidents can
be grouped into active and passive safety methods. An active strategy mainly relies on
heat transfer increase to remove excess heat (forced-air or liquid BTMSs); a passive method
works on exploiting TESSs, without an external energy supply, and modifying the physics
of the materials involved (PCMs thermal management). The thermal storage capability of
the PCMs can be efficiently exploited both to cool and to warm the batteries. Hu et al. [23]
put in evidence the great advantage of using PCMs to warm a BP: the process goes on due
to the thermal energy accumulated in the PCM, not consuming the BP energy. Several
studies deal with the cooling effectiveness of PCMs if used together with the more ordinary
BTMSs: Lin et al. [24] present several kinds of multi-physical BTMSs, that is, hybrid cooling
systems such as forced-air, liquid, and heat-pipe (HP) BTMSs coupled with PCM-based
systems, with the aim of ensuring battery cooling also after the PCM melting temperature
is reached. In particular, HPs are often coupled with PCMs [25], as the low thermal
conductivity of these materials is balanced by HPs’ great heat transfer performance. Other
hybrid cooling systems concern dynamic BTMSs [26] with an adjustable cooling/heating
capability to face the needs of the real BPs subjected to power peaks: an example is given
by HP BTMSs with flexible PCMs [27]. Considering the phase change process, it is possible
to classify the PCMs into solid-liquid, liquid-gas, and solid-gas materials: the first of these
categories is the one which shows the smallest volume variation and highest stability [26]
and comprehends organic, inorganic, and eutectic PCMs. Among the organic PCMs, the
paraffin-based ones are very popular due to their small temperature drop during heat
recovery, their low vapour pressure, and, in addition, their high chemical inertia, stability,
and non-toxicity [28]. Conversely, a common negative property of many PCMs is their
low thermal conductivity (λ < 1 W/m K), which represents one of the biggest challenges
in this field of research. As a matter of fact, low PCM thermal conductivity limits the
potential of these materials, leading to low heat storage/release rates and a low utilization
efficiency of the stored energy [29]. Different methods have been proposed to increase
PCM thermal conductivity: the addition of fins [30–32], nanoparticles [33–36], both fins and
nanoparticles together [37], graphite [38], carbon fibers [39], metal wools [40], 3D metallic
periodic structures [41,42], and high-porosity metal foams [8,28,29,43–48]. This last solution
has proven to be very effective due to the high thermal conductivity of the metal foams [49],
the significant surface-area-to-volume ratio, the highly interconnected structure, and the
natural fluid mixing effect [29].

Righetti et al. [41,42] study how to enhance the heat conductivity of paraffin PCMs
with different phase change temperatures, using various 3D metallic periodic structures
immersed in them and supplying different heat fluxes to the system. They find that the 3D
structure greatly improves the heat transfer performance, significantly reducing the charg-
ing/discharging time. About 3D metallic non-periodic structures, Alhusseny et al. [44]
investigate the effects of a copper foam inside LTESS staggered bundled tubes, already
filled with pure paraffin PCM and around which water flow works as heating/cooling fluid:
they obtain good results in terms of PCM charging/discharging rate (accelerated by more
than 50% with respect to the corresponding system with pure PCM) and efficiency. Esapour
et al. [28] enrich this field of research in studying a multi-tube heat exchanger (MTHX),
analysing the effects of the metal foam porosity, the number of tubes, and their arrangement
on the thermal characteristics of the LTES unit. Results show that a greater number of
inner tubes has more influence on phase change rates using metal-foam-loaded PCMs with
respect to pure PCMs and, in agreement with Righetti et al. [50] and Rehman et al. [47], the
charging/discharging time decreases with the foam porosity. On the contrary, the arrange-
ment of the inner tubes has no effect on the melting rate of the composite PCMs. Playing
with the porosity parameter to achieve a more uniform temperature in the whole system,
Mahdi et al. [46] suggest a multiple-segment metal foam characterized by a cascade porosity
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in the heat flow direction, put in a shell-and-tube HX storage containment. Dinesh et al. [51]
focus their attention on metal foam pore size, demonstrating that, even for the same poros-
ity, the pore size distribution strongly affects the PCM melting rate, with smaller pores
resulting in faster melting and higher heat transfer rates. Ghahremannezhad et al. [45]
analyse the effects of non-homogeneous porous metal foams (structures presenting positive
and negative porous gradients in several spatial directions) on PCM melting behaviour.
Their simulations put in evidence that the heat transfer is remarkably influenced by the
porous characteristics of the metal foams and there are also changes considering the heat
source location due to the gravity effect. A deep numerical and experimental work by
Marri et al. [52] proposes a dissertation about PCM thermal performances if loaded with
metal foams which present different values of porosity (uniform and non-uniform) and
pore density (PD). Their results highlight that, with certain boundary conditions, the time
to reach the set-point temperature can be significantly reduced, loading the PCM with
foams having a non-uniform variation in porosity and a constant PD or a non-uniform
variation in PD and a constant porosity. With respect to the reference foam with uniform
porosity and PD, the performance improvement can range from 28% to 45%. The research
by Zhu et al. [53] deals with the relationship between the proportion of a high-porous
copper metal foam and the heat transfer process in a copper-foam-loaded PCM system.
They find that the more the copper foam proportion increases, the higher the PCM thermal
uniformity becomes; the natural convection motions dramatically decrease, making conduc-
tion the major heat transfer process for PCM melting; the effective heat transfer coefficient
of the system first decreases and then, over a certain percentage value of copper foam, it
increases, with an opposite trend with respect to PCM melting time. Finally, the researchers
put in evidence how the heat storage capability of the loaded PCM first increases and then
decreases with the increase in the copper foam percentage.

The analysis of the open literature puts in evidence that many numerical studies have
been published on this topic but a lack of experimental data is still observed. For this
reason, this work arises from the necessity to enrich the experimental tests, aiming to
demonstrate the impact of metal foams in enhancing PCM effective thermal conductivity
and providing solid bases for analytical studies validation [54,55]. The attention is focused
on a commercial paraffin PCM (RT35): the aim is to quantify the effect of the metal foam on
the charging time interval and on the maximum temperature needed to charge the PCM
under a fixed thermal power provided with a heating plate placed on the top of the system.

2. Materials and Methods

A series of experimental tests were conducted using a polymeric case filled first with
pure PCM and then with copper-foam-loaded PCM. The selected PCM was a commercial
paraffin (RT35, Rubitherm) fully compatible with both plastic and metallic containers, highly
stable, with a low toxicity and flammability degree. The choice of this kind of PCM was
done with an eye to future research, the purpose of which is investigating a novel PCM-
based BTMS: as the typical LIB operating temperature ranges from 15 ◦C to 40 ◦C [21], a
PCM in this thermal interval is necessary and requires a previous characterization campaign.
Regarding the system composed of the RT35 PCM and the selected copper metal foam
(φ = 95%, PD = 20 PPI), Naldi et al. [55] numerically investigate its effective thermal
conductivity, finding that the value of the loaded system conductivity λLOAD = 7.03 W/m K
is in agreement with the experimental outcomes. This value is obtained using the accurate
correlation by Bhattacharya et al. [49] which employs a weighted mean between the values
of parallel and series conduction (when the PCM and metal foam layers alternate in the
same direction of the heat flow or perpendicular to it, respectively) where the weight is
experimentally determined. The main characteristics of RT35 and the copper metal foam
used in these tests are summarized in Table 1.

A case (Figure 1a,c) was built with 5 mm thick polycarbonate (softening temper-
ature Tsoft ' 115 ◦C) sheets and used as a PCM container whose final volume was
Vcase = 1.08 × 106 mm3. In Figure 1a, all the dimensions of the case are quoted. Two
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different setups were used during the experimental tests. In the first setup (see Figure 1a),
12 T-type thermocouples were placed inside the case at two fixed heights: 6 TCs were fixed
at a distance of 5 mm from the bottom of the case and 6 TCs were placed at a distance of 45
mm from the bottom of the case. For each of the two planes, the TCs were placed at fixed x-
and y-quotes so that these values did not change at different heights and the pitch between
the TCs lying on the same direction was constant. Considering the x direction, the TCs
were fixed every 33.75 mm, at x1 =33.75 mm, x2 =67.50 mm, and x3 =101.25 mm. Along
the y direction, the TCs were fixed every 26.60 mm, at y1 =26.60 mm and y2 =53.20 mm.
Figure 1b shows a stage of the setup realization, in particular the welding work to fix the
TCs on the iron wires: the TCs’ positions are not those of the final experimental rig, but the
figure is useful for giving a more realistic idea of the experimental setup with respect to
the scheme.

Figure 1. (a) Scheme of the polycarbonate case used to test the temperature homogeneity along the
z-axis; (b) welding work in progress to fix the 6 bottom TCs of the experimental rig; (c) scheme of
the polycarbonate case used to monitor the melting front progress; (d) experimental rig with 5 TCs
placed along the z-axis.

The case was filled with liquid PCM so that, once the paraffin material solidified, it
reached the z-quote of 70 mm: considering the volume expansion of the RT35 PCM (Table 1),
the polycarbonate container was filled with PCM volume VPCM = 8.47 × 105 mm3 (the
related mass was mPCM = 0.652 kg) until reaching a a z-quote around 78.4 mm. In the
second setup (see Figure 1c,d) the same polycarbonate case was used but with a different
TC arrangement. As a matter of fact, 7 T-type TCs were inserted into the case: 2 TCs were
placed below an electric resistance, in contact with its bottom surface, and 5 TCs were fixed
along the central axis of the case, at different heights from the case bottom. More in detail:
TCH1 and TCH2 were placed at 67 mm from the case bottom, TC1 was placed at 55 mm,
TC2 at 42 mm, TC3 at 29 mm, TC4 at 16 mm, and TC5 at 3 mm. As TC1 was the highest,
when it recorded a temperature value comprehended into the PCM melting temperature
range, the whole PCM volume under that TC was considered as involved in the melting
process (for 29 ◦C < T < 36 ◦C) or completely melted (for T > 36 ◦C). One additional TC
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was used to record the temperature of the room (TAIR) during the experimental tests. The
choice to fix the electric resistance (and so TCH1 and TCH2) at 67 mm from the case bottom
ensured that, filling the container with the same liquid VPCM used in the first configuration,
the heat generator was completely immersed in the paraffin.

Table 1. RT35 PCM and copper metal foam properties provided by the manufacturers.

PCM Symbol Unit Value

Phase change temperature range from solid to liquid Ts-l [°C] 29–36
Phase change temperature range from liquid to solid Tl-s [°C] 36–31
Heat storage capacity H [kJ/kg] 160
Specific heat capacity cp [kJ/kg K] 2
Density of the solid phase ρs [kg/L] 0.86
Density of the liquid phase ρl [kg/L] 0.77
Heat conductivity for both solid and liquid phases λSL [W/m K] 0.2
Volume expansion Vexp [%] 12
Flash temperature Tflash [°C] 167
Maximum working temperature Tw, max [°C] 65

Copper foam

Heat conductivity λcop [W/m K] 385
Porosity φ [%] 95
Pore density PD PPI 20

Polycarbonate

Density ρpol [g/cm3] 1.2
Softening temperature Tsoft [°C] 115

The first setup was used to check if the heat transfer could be considered as mono-
dimensional within the case by measuring the temperature distribution on two horizontal
planes. The second setup was exploited to monitor the temperature trend at 5 different
distances from the resistance (heater) during the charging/discharging phase with the aim
to quantify the heat transfer rate along the vertical direction in the PCM core, investigating
PCM behaviour with and without metal foams. In this regard, it is necessary to specify that,
once the metal foam was immersed in the PCM, the TCs fixed along the iron wires were not
in contact with the foam and kept monitoring the paraffin temperature: as it is possible to
see in Figure 1d, a thin gap among the two main blocks of metal foam is necessary to leave
space for the wires. The whole experimental setup is shown in Figure 2: a power supplier
was connected to the heater in order to impose the heat flux generated by the Joule effect
and the values of voltage and current were monitored due to an ammeter and a voltmeter.
These data are shown in Table 2 together with the full scales (FS) considered and the full
scale uncertainties (%FS) related to the instruments.

With these values of voltage and current, the resulting power supplied was P =
V · i = 3.5 W/m2 and its related uncertainty value was U(P) =

√
U2(i) + U2(V) =

11.77%. The temperature values were acquired due to a series of NI-9213 thermocouple
modules. The typical value of uncertainty of the T-type thermocouples was estimated to be
U(T) = 0.4–0.7 K by means of a series of comparison with a reference RTD sensor. To obtain
the complete melting of the whole PCM volume, the case was enclosed in a polystyrene
box (Figure 3) with 100 mm thick walls: the aim was to minimize heat losses. Further, the
thin air cavities between the polystyrene walls and the polycarbonate case were filled with
EUROBATEX® [56], a dense insulating foam which helps in lowering the losses, as well as
the inner surface of the polystyrene top.
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Figure 2. Experimental setup composed of the polycarbonate case (A), the heater on the top of the
case (B), the polystyrene box which insulates the case (C), the NI-9213 TCs module (D), the power
supply (E), and the computer (F).

Figure 3. (a) Assembling of the polystyrene box, top view; (b) detail of the air cavities filled with
EUROBATEX® [56]; (c) inner surface of the polystyrene top wrapped with a EUROBATEX® [56]
layer; (d) final assembly of the insulation box.
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Table 2. Instruments used to monitor the electrical current and voltage values and related full-scale
(FS) and full-scale uncertainty (U(%FS)) values.

Instrument Quantity Unit Measured Value FS U(%FS)

Ammeter i [A] 0.2 1 2
Voltmeter V [V] 17.5 30 3.6

3. Results and Discussion
3.1. Temperature Homogeneity Along the Horizontal Direction

The first setup described in the previous section (see Figure 1a) was used in order to
check if the heat transfer within the case could be considered as mono-dimensional (1D).
The PCM was heated from the top of the case to ensure that the heat was transferred within
the PCM only by pure conduction. Due to the symmetry of the geometry, it was expected
that the temperature was homogeneous on the horizontal planes (x, y), which means that
the heat flux was only transmitted along the z-axis of the system, perpendicularly to the
(x,y) planes. As it is possible to see in Figure 4, the temperature trends recorded by all six
top-plane TCs, as well as by the other six bottom-plane ones, were very similar during the
whole charging/discharging cycle. In addition, in Figure 4, the room temperature Tair is
reported during the complete charging/discharging cycle. It is evident that Tair was almost
constant during the cycle, which lasted 35 h with an average value of Tair, med = 27.2 ◦C:
this is the reason why the initial temperature of the PCM in the case was very close to the
phase change interval of RT35.

For a heat flux P = 3.5 W/m2 applied on the top for 18.2 h (charging phase), the
maximum temperature recorded on the top plane was TTOP ' 90 ◦C and the maximum
temperature recorded on the bottom plane was TBOT ' 60 ◦C. The discharging phase,
during which the PCM volume was cooled down to the initial temperature value (33.3 °C),
lasted about 34.8 h. It is evident how, independently from the position of the TCs on
the same horizontal plane (top or bottom), all the temperature trends recorded by TCs in
Figure 4a,b overlapped. The maximum temperature difference recorded during the whole
charging phase by the thermocouples on the same plane was ∆TTOP = 0.4 K for the top
plane and ∆TBOT = 0.5 K for the bottom plane, within the uncertainty range of the TCs.
This result confirms how the temperature field can be considered as variable only along the
vertical direction z, especially in the central region of the case. The time needed to reach a
quasi steady-state temperature on the top plane, closer to the heater, was about 8 h. This
time was longer for the bottom plane (far from the heater), where about 10 h were needed
to obtain a stable temperature value. The discharging phase lasted about 6 h for both the
top and the bottom planes.

Figure 4. Temperature trends recorded by the 6 TCs on the top plane (a) and by the 6 TCs on the
bottom plane (b).
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3.2. Comparison between Pure PCM and Copper-Foam-Loaded PCM

Once the temperature homogeneity along the x and y directions was verified, the
experimental setup iwass changed to better monitor the evolution in time of the melting
front from the top to the bottom of the case. Two series of tests were conducted: the first one
was carried on filling the polycarbonate case with pure PCM, and for the second one the
PCM was loaded with copper foam. The second setup described in Figure 1c was adopted
here to analyse the temperature distribution within the case, along the vertical direction (z)
at the center of the case, and to verify the effect of the metallic foam on the temperature
distribution. The experimental tests were conducted with the electric heater on the top of
the case, supplying power for 23.7 h (charging phase). The heat flux imposed on the top by
Joule heating was P = 3.5 W/m2. In Figure 5a,b the evolution in time of the temperature
within the case is shown for both pure PCM and copper-foam-loaded PCM. In addition,
in these graphs the temperature of the lower surface of the electric heater (red curve) is
shown: this temperature was obtained as the average of the temperatures measured by the
two TCs placed below the heater (see Figure 1c). In Figure 5a, the trends of the temperature
recorded in the presence of pure RT35 are reported. After 15 h, the temperature difference
between the closer and the further thermocouple with respect to the heater (i.e., TC1 and
TC5) was ∆T1-5, PURE = 20 K. This large temperature difference within the case highlights
how strong the thermal resistance offered by the pure PCM was due to the low thermal
conductivity typical of the paraffin. Starting from an initial temperature T0, PURE = 23 ◦C,
the whole volume of pure PCM melted in 23.7 h, when the PCM temperature close to the
heater (the average between TCH1 and TCH2) reached a value of 66 ◦C.

In the presence of the copper foam, the charging test was repeated and monitored
due to the seven TCs described in Figure 1c, supplying to the heater the same power used
for the test with pure PCM. This was guaranteed by imposing the same electrical voltage
and current at the heater. In Figure 5b, the trends of temperature recorded in the presence
of copper foam are shown. After 15 h, the temperature difference between TC1 and TC5
was ∆T1-5, FOAM = 3 K: this means that loading the PCM with the copper foam allows for
reducing the thermal resistance by about one order of magnitude. This result confirms
the beneficial effect of the copper metal foam if the goal of the designer is to reduce the
melting time and accelerate the heat transfer rate. The presence of a high-porosity copper
metal foam significantly increases the effective thermal conductivity of the system and
reduces the temperature gradient along the vertical direction z. The graphs in Figure 6a,b
show the evolution in time of the vertical temperature profile recorded by the five TCs
placed along the central axis of the case during the charging phase with pure (Figure 6a)
and metal-foam-loaded (Figure 6b) PCMs. In addition, in this case, the temperature of the
lower surface of the electric heater (red curve) is shown. Every dot of the curves plotted in
these graphs represents the temperature recorded at the related height, the same where
the TC is fixed. Two dashed vertical lines indicate the temperature melting range for the
RT35 PCM so that, if a curve dot lies in that spatial interval, it means that the PCM volume
under the z-quote correspondent to that dot is melting (dot between the two dashed lines)
or it is completely melted (dot coincident with the right dashed line or on the right area
with respect to that line). Further, considering the dot z-quote and knowing that it is at
most possible to investigate the temperature of the PCM layer at the same height of TC1
(there are no other TCs above it, apart from TCH1 and TCH2 which measure the heater
temperature), the PCM volume effectively under thermal control can be considered as the
total volume. In this way, it is possible to estimate the PCM melted volume: for instance, if
the dot corresponding to TC3 falls between the dashed lines, this means that 50% of the
PCM is involved in the melting process.

As it is possible to see in Figure 6a, with pure PCM, the melting process began just 1 h
after the charging process started, close to the heater (at 55 mm from the bottom); on the
contrary, in the presence of the copper foam (Figure 6b), the melting range was not reached,
yet. As a matter of fact, in the presence of the copper foam, when the charging process
started, the heat was transferred faster by conduction from the top to the bottom layers and
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a larger thickness of PCM started to be charged. In the presence of pure PCM (Figure 6a),
the temperature difference between the closer and the further TCs to the heater (∆T1-5, PURE)
increased strongly in time: passing through the paraffin material, the heat was slowed
down due to the low thermal conductivity of the PCM. The last thermocouple reached the
melting temperature after 9 h. In the presence of copper-foam-loaded PCM (Figure 6b), the
five TCs worked with very similar temperature values during the whole charging phase,
with a maximum difference between TC1 and TC5 equal to ∆T1-5, FOAM = 2.7 K after 25 h.
Although the test with copper-foam-loaded PCM started with an initial temperature within
the case equal to T0, FOAM = 21 ◦C (2 ◦C lower than T0, PURE = 23 ◦C, as this temperature
depends on the internal conditions of the lab), the final results were marginally influenced
(the acquired data demonstrate that the loaded PCM took 42 min = 0.7 h to reach 23 ◦C).
The whole PCM volume completely melted in 16 h (7 h earlier than in the presence of pure
PCM, considering the different initial temperatures between the tests), when TC5 reached
35 ◦C.

Figure 5. Temperature trends recorded by the TCs during the tests with pure PCM (a) and with
copper-foam-loaded PCM (b).

Figure 6. Constant-time curves as functions of height (z) and temperature during the tests with pure
PCM (a) and with copper-foam-loaded PCM (b).

Figures 5b and 6b demonstrate how, in the presence of copper foam, the vertical
temperature distribution within the case is always more uniform than in the presence
of pure PCM during the whole charging process. After t = 5 h, with the copper foam,
the entire volume of the PCM was in the melting range; on the contrary, with the pure
PCM, only 59.4% of the case volume was in that range. From t = 9 h to t = 13 h, the
copper-foam-loaded PCM was completely involved in the melting process and after t = 13 h
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about 7.8% of the PCM volume was already in a super-heated liquid state (a liquid state
with a temperature higher than the melting one [57]). On the contrary, in the presence
of pure PCM, the more time that passes, the higher the thermal difference between the
top and bottom layers becomes: after t = 9 h, the solid phase was still present on the case
bottom; after t = 13 h, there was no more solid PCM, but the thermal distribution indicates
how the PCM layers close to the heater were in a liquid state, while the bottom layers
were still involved in the melting process. As clearly evidenced by Figure 5a,b, complete
melting was reached in 23.7 h with the pure PCM and in 16 h with the copper-foam-loaded
PCM. This result confirms the positive effect of the metal foam on the acceleration of the
melting phase. In addition, comparing Figure 6a,b, it is possible to see that after t = 25 h the
temperature difference between the extreme TCs (TC1 and TC5) was ∆T1-5, PURE ' 23.6 K
in the presence of pure PCM but only ∆T1-5, FOAM ' 2.7 K in the presence of the copper
foam: this highlights the strong increase in the temperature uniformity along the vertical
direction obtained with the introduction of the metal foam. Another important point is
the difference between the heater temperature with and without the copper foam: after
t = 25 h (see Figure 5a,b), the heater reached TH, PURE = 67 ◦C with the pure PCM and
TH, FOAM = 50.1 ◦C in the presence of the copper foam. In order to melt the whole PCM
volume, the heater has to reach a temperature TH, PURE = 66 ◦C with the pure PCM and
TH, FOAM = 44 ◦C in the presence of the copper foam. The higher heater temperature in the
presence of pure PCM is a clear consequence of the low conductivity of the paraffin which
acts as a cap towards the heat transfer. This point is very important because it demonstrates
that, with enhanced thermal conductivity, the PCM can be completely (and more rapidly)
melted using lower temperatures, which makes the charging process faster and the energy
saving higher.

4. Conclusions

An experimental campaign has been conducted with the aim to investigate how
much the presence of a copper metal foam with high porosity (95%) and a pore density of
PD = 20 PPI influences the thermal performance of a commercial paraffin PCM (RT35)
during a solid-liquid phase change process. The presence of the metal foam guarantees an
enhancement of the heat conduction within the medium, compensating for the low thermal
conductivity of the pure RT35 (λSL = 0.2 W/m K for both liquid and solid phases). A
polycarbonate case has been equipped with a series of T-type thermocouples. The case
has been filled first with pure RT35 PCM and then with copper-foam-loaded PCM. An
electric heater has been placed on the top of the case with the aim of thermally charging the
system. The position of the heater on the top of the case inhibits the convection, making
pure conduction the main heat transfer process. First, it has been demonstrated that during
the charging as well as the discharging processes, the melting front is kept planar and
horizontal due to a uniform temperature field along both the directions x and y. Comparing
the pure and the loaded PCM temperature evolution over time and along the central axis
of the case, a faster complete melting can be reached with a metal-foam-loaded PCM with
respect to a pure one (16 h instead of 23.7 h). Taking into account the aforementioned
different initial temperatures regarding the pure PCM and the loaded PCM and the time
during which the loaded PCM reaches the same temperature of the pure PCM, results
show a 29.54% melting time reduction. The copper foam is responsible for a more uniform
temperature along the vertical direction z, which testifies to a reduced thermal resistance
of the metal-foam-loaded PCM layers. A strong reduction in the maximum temperature
needed to melt the whole PCM volume is recorded with the metal foam (44 ◦C instead of
66 ◦C), keeping the imposed heat flux at the top of the case constant (P = 3.5 W/m2). The
experimental results presented in this paper highlight that, using metal foams to load PCM-
based LTESSs, it is possible to reach a more uniform heating of the PCM volume as well as a
faster charging/discharging process with a lower working temperature and the consequent
possibility to obtain significant energy saving for thermal storage management. Last but
not least, the experimental results reported in this work can be used as a benchmark for the
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numerical models dedicated to the analysis of the loaded PCMs’ thermal behaviour. The
absence of convection heat transfer (linked to the position of the heater) makes the case easy
to be numerically modelled and, for this reason, useful for a critical validation regarding
the correlations proposed to calculate the effective properties of the loaded PCMs.
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