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A B S T R A C T

In the scientific and industrial community, the interest on Latent Thermal Energy Storages (LTESs) is continu-
ously increasing. These components can be easily coupled with intermittent renewable energy sources and
with heat sources that undergo to cycling operations. Phase Change Materials (PCMs) are considered conve-
nient and reliable media to be used in LTES. Nevertheless, their low thermal conductivity remains the great-
est hindrance that still limits their technological application. The present work aims at increasing the
effective thermal conductivity of a paraffin wax, the RT70, having a phase change temperature of 70 °C. This
paper proposes the addition of a 3D metallic periodic structure to the PCM. To optimize the geometry, three
different structures with 10, 20, and 40mm base sizes were designed and manufactured via additive
manufacturing. Experimental tests were run during the melting and the solidification of RT70 at three differ-
ent heat fluxes (10, 20, and 30W). The addition of the 3D aluminum structure in the PCM remarkably
improved the heat transfer performance as compared to the reference empty box. The best geometry was
identified, and a correlation was proposed to evaluate the charging time.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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INTRODUCTION

As reported by recent review papers [1, 5, 7, 15], in the last years,
several studies have been published on PCMs and on how they can
be efficiently applied to LTESs. In fact, thanks to their phase change
process, they can provide higher energy density during the melting
and the solidification processes with respect to the standard sensible
heat storages. Therefore, PCM based LTES can be more compact while
storing the same amount of energy as compared to a standard sensi-
ble TES. However, in order to design an efficient LTES, a proper and
effective PCM is required. The ideal one should be chemically stable,
nontoxic, non-corrosive and cheap. Furthermore, its phase change
temperature should be congruent with the future operations and the
subcooling as small as possible [24]. Obviously, its latent heat of
fusion and thermal conductivity should be as large as possible while
the volume expansion during the melting as lower as possible.

Currently, several materials with a wide range of phase change
temperatures (i.e., from �20 °C to +200 °C) are available as PCMs.
Among them, there is the large group of paraffin waxes. They are
very widespread thanks to many desirable characteristics: high latent
heat, chemical inertia, non-toxicity, stability, among others. However,
it is also well-known that they present a relatively low thermal con-
ductivity, that substantially penalizes the LTES efficiency and still lim-
its their commercial deployment.

At the current state of the art, several techniques to enhance the
thermal conductivity have already been proposed, well resumed in
the review papers by Al-Maghalseh and Mahkamov (2019), Mahdi
et al. [8], Tao et al. [21], Tauseef-ur-Rehman et al. [16]. Nevertheless,
Mahdi et al. [8] stated that the work already done in this field is insuf-
ficient and recommended to further investigate the application of
extended surfaces coupled to PCM in order to define a cost effective
and efficient heat transfer intensification technique.

In the open literature, some researchers proposed the addition of
metal structures to the PCM, especially as fin type structures.

Ismail and Lino [4] investigated the use of radial fins and turbu-
lence promoters located inside a horizontal tube filled with PCM and
they concluded that there is an ideal fin diameter that increases the
interface velocity and decreases the solidification time. Hosseiniza-
deh et al. [3] also studied the fin effect on the PCM heat transfer per-
formances by varying the fin geometry. Higher values of fin number
and height promoted the overall heat transfer, while the results had
only a weak sensitivity on fin thickness. The Authors finally suggested
the optimum fin parameters, above which the heat sink performance
showed no further improvement. Mahmoud et al. [9] investigated
different options to increase the thermal conductivity: the addition

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijft.2020.100035&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:simone.mancin@unipd.it
https://doi.org/10.1016/j.ijft.2020.100035
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijft.2020.100035
https://doi.org/10.1016/j.ijft.2020.100035
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijtf


Nomenclature

cp specific heat (J kg�1 K � 1)
Fo Fourier number (-)
I electric current (A)
k coverage factor (-)
PEL electric power (W)
qeff effective heat flow rate (W)
qloss loss heat flow rate (W)
r latent heat (J kg�1)
Ste Stefan number (-)
t temperature ( °C)
x position (m)
DV voltage (V)

Greek letters
e porosity (-)
Q non-dimensional temperature (-)
λ thermal conductivity (Wm � 1 K � 1)
r density (kgm � 3)

Subscripts
COM composite
EMM expanded metal mesh
exp experimental data
i initial
j junction
LTES latent heat thermal energy storage
melt melting
PCM phase change material
S solid
sim simulated data
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of cross fins, of parallel fins and of a honeycomb structure. Experi-
mental results have shown that the heat transfer improves with the
use of these structures, especially if the number of fins is increased
(i.e. fin spacing decreased). Furthermore, similar results could be
obtained by using the honeycomb insert with costs and weight
reduction. Mustaffar et al. [12] studied the PCM behavior when
embedded in an expanded metal mesh composed of five
160£ 114£ 9mm aluminum rectangular layers displayed in perpen-
dicular and parallel way having a porosity of about 89%. This particu-
lar structure improved the PCM thermal conductivity and
consequently reduced the phase change time of about 14%. Shuja
et al. [19] proposed to insert aluminum meshes having different
shapes (rectangular, triangular, and hexagonal) in a PCM to increase
its heat transfer performance. The Authors concluded that the trian-
gular geometry outperformed the others, since it presented a shorter
phase change time and an earlier melting starting point. Kamkari and
Groulx [6] studied the addition of fins at different inclination angles
to some rectangular enclosures filled of PCM. The experiments dem-
onstrated that the phase change process is dominated by heat con-
duction and that the melting rate is accelerated by the decrement of
the inclination angle and by the addition of fins to the vertical enclo-
sure.

Furthermore, it is well-known that the operating temperature is
one of the most dominant factors affecting performance, lifespan and
safety of electronics. Nevertheless, in the open literature there are
still few and very recent papers dealing with relatively high phase
change temperature PCMs [14, 20, 22, 23] coupled with LTESs. Such
structures are going to be efficiently applied also to high-temperature
and largely widespread purposes, such as Lithium-ion batteries, elec-
tronics, transformers, antennas, etc., so proper PCMs should be
tested.
The present paper proposes an experimental optimization of a
PCM based heat storage to improve the thermal management of con-
stant heat flux devices. Given the melting temperature, i.e. 70 °C of
the selected PCM, this study focuses on medium/high temperature
applications. The investigated samples were of relatively small
dimensions, but, thanks to their symmetry, they could also be seen as
elements of larger modular systems.

As reported in Righetti et al. [18], the present authors carried out a
study to investigate a potential solution to increase the efficiency of
latent thermal energy systems based on low thermal conductivity
PCMs. The proposed idea was to insert some aluminum structured
ligaments inside the PCM, to spread the heat more homogeneously
inside the storage system.

Among the infinite possible geometries, a 3D periodic structure
based on a pyramidal cell was selected because of its simplicity and
replicability. The periodicity and the symmetry of these peculiar
structures allowed for the creation of a great number of customized
geometries. In this way, the pore size effect could be isolated and
studied, while keeping constant the porosity.

The results published in Righetti et al. [18] showed that it is possi-
ble to reduce charging and discharging times using optimized 3D
structures, and the pore size affects the performance of the LTES. An
optimized 3D structures can guarantee faster and efficient energy
storage and release, leading to a more homogeneous temperature
distribution in the PCM. Finally, the use of aluminum structures has
led to a lower junction temperature. All these positive characteristics
have led to believe that the use of 3D structures might be a suitable
solution to overcome the low thermal conductivity issue, typical of
almost all the available PCMs.

In this paper the focus has been moved to a different PCM. In fact,
from an analysis of the literature it has been noted that few data are
available for paraffin waxes having a medium-high phase change
temperature. Furthermore, it is very important and it is not obvious
to know whether or not comparable results can be obtained with
two similar PCMs (i.e. paraffin waxes), having different melting tem-
perature. For these reasons, another paraffin wax presenting a melt-
ing temperature of 70 °C was selected and tested, the RT70.

The tests were subdivided in charging and discharging phases.
During the charging phase, the sample was heated by an electric
resistance by varying the heat fluxes between 5 and 16 kW m � 2. The
temperature fields in the paraffin, in the 3D structure, and in the
basement were monitored and recorded while several videos were
recorded to better understand the phase change processes.

In order to be able to compare the results with those already
obtained for RT55, the same geometries proposed in Righetti et al.
[18] were used. They have three different base sizes: 10mm, 20mm,
and 40mm. The porosity was kept equal to 0.95 to isolate and focus
on the base size (i.e. pore size) influence on the phase change process.
The collected experimental measurements contribute to build a
robust and reliable database of the performance of PCMs, which is
undoubtedly needed to improve the understanding of the heat trans-
fer mechanisms during the solid-liquid phase change. Furthermore,
the model presented in Righetti et al. [18], which was validated only
on the RT55 data, was successfully implemented to estimate the
results collected for RT70.

EXPERIMENTAL materials and METHODS

Test samples

This work aims at comparing the performance of three different
3D periodic geometries when applied to PCM latent thermal energy
storages, hence, three samples with periodic structures and an empty
reference sample were manufactured via additive manufacturing.
The AlSi10Mg-0403 aluminum alloy was used due to its favorable
properties in the current 3D printing technologies.



Table 1
Main geometrical characteristics of the 3D structured materials.

Parameter Reference 10 mm 20 mm 40 mm

Base width 42 mm
Base length 42 mm
Total height 48 mm
3D structure height � 40 mm
3D cell base size � 10 mm 20 mm 40 mm
Ligament diameter � 1 mm 2 mm 4 mm
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The thermal diffusivity of this alloy was experimentally measured
with a Transient Hot Disk TPS 2500S instrument (maximum uncer-
tainty (k = 2) lower than §5.0% of the reading) at ambient tempera-
ture of 20 °C. The average value of 10 measurements was equal to
41.57 mm2 s � 1. So, the thermal conductivity was estimated to be
around 96W m � 1 K � 1. This value is pretty low for an aluminum
alloy, but one has to consider that the samples were obtained via
additive manufacturing, so the presence of porosity is almost
unavoidable as compared to other manufacturing processes.

A schematic and a picture of three samples containing the three
different 3D structures and of the reference one are reported in Fig. 1,
while the main geometrical characteristics are listed in Table 1.

The samples have square base of 0.042£ 0.042m and a height of
0.06m; they present a 0.012m thick base of bulk 3D printed alumi-
num to homogenize the imposed heat flux. A 1mm hole was drilled
0.5mm below the surface to host a thermocouple to measure the
temperature. The remaining 0.048m height over the thick base is
empty in the reference specimen or it presents the 3D structure,
which is 0.04m high. The last 8mm on the top of the structure are
used to permit the material expansion during the melting process.
For further details, the reader can find out all the geometrical charac-
teristics of the samples in Fig. 1 and Table 1. As described before, this
paper investigates three different periodic structures all based on a
pyramidal cell shape. Three cell base dimensions were studied:
10mm, 20mm, and 40mm. For this reason, the specimens will be
called 10mm, 20mm, and 40mm, respectively.

All the samples present the same porosity, defined as the ratio
between the volume of void and the total volume, equal to 95%, so
that the structures present ligaments with different diameters (see
Fig. 1a).
Fig. 1. Drawings (a) and a picture (b)
PCM characteristics

As briefly discussed in the introduction, paraffin waxes are one of
the most common PCMs, since they present several favorable proper-
ties. The paraffin wax selected in this work presents a melting tem-
perature of around 70 °C, it was acquired from RUBITHERM�, and its
commercial name is RT70.

The main thermo-physical characteristics, as declared by the man-
ufacturer, are listed in Table 2. The same Table 2 also presents the
main properties of another paraffin wax, named RT55, which was
used to run a comparison with the results collected for the RT70. All
the samples were filled with 50§0.1 g of the selected paraffin waxes.
Experimental setup

The test rig used in these experiments is presented in Fig. 2. It was
designed to melt the PCM inside samples by means of an electric
resistance and to monitor the temperature field during melting and
solidification.
of the four investigated samples.



Table 2
Paraffin RUBITHERM� RT70 and RT55 main thermophysical properties.

RT70 RT55

Melting area 69�71
main peak 70 °C

5 1�57
main peak 55 °C

°C

Congealing area 71�69
main peak 70 °C

5 5�57
main peak 55 °C

°C

Heat storage capac-
ity §7.5%

260
temp. range:
62�77 °C

170
temp. range:
48 - 63 °C

kJ kg�1

Specific heat
capacity

2 2 kJ kg�1 K � 1

Solid density at 15 °
C

880 880 kgm � 3

Liquid density at
80 °C

770 770 kgm � 3

Heat conductivity
(both phases)

0.2 0.2 Wm � 1 K � 1

Volume expansion 12 14 %
Flash point (PCM) 227 > 200 °C
Max. operation

temperature
110 9 0 °C
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Two main components can be identified: the 3D printed sample
and a heater block that hosts in its center an 8mm diameter 200W/
240 V electric cartridge heater controlled by a Variac transformer.
The heater block is a 0.042£ 0.042£ 0.02m aluminum plate having
a thermal conductivity of 205W m � 1 K � 1. It is coupled with the
sample with a silicone heat transfer paste with a thermal conductiv-
ity of 5W m � 1 K � 1. The heater is located in an insulated basement
structure made of wood and filled up with rock wool to limit as much
as possible the heat losses to the surroundings.

The heat flow rate generated by the heater can be evaluated by
the Ohm’s Law (Eq. (1)):

PEL ¼ DV ¢ I ð1Þ
Where I is the current measured by a shunt resistance, equal to
0.0025 V §0.25% at 25 °C; DV is the voltage variation at the heater.
The uncertainty of the electrical power measurement was always
estimated to be less than §0.5%.
Fig. 2. Scheme of the experimental test rig and of the thermocouple locations.
The experimental tests were run in a climatic room with a tem-
perature stability of §0.2 °C. Several repeatability tests were done by
repeating five times the same testing condition. Mismatches always
below §4% on the total charging time, and below §3% on the total
discharging time were observed, accordingly.

Furthermore, several T-type thermocouples (§0.1 °C) were imple-
mented to monitor and record the temperature field inside the PCM
and in some other meaningful locations. All the temperature values
were recorded at 1 Hz by a 34970A Agilent Data Acquisition System
and processed by a LabView software.

As it can be seen in Fig. 2, the following temperature measure-
ments were accomplished:

- a thermocouple named t3 was inserted in the bulk 3D printed
basement, just 0.5mm below the PCM surface. It is called “junc-

tion temperature” and it might also be considered representative
of the temperature of a potential electronic device that is going
to be cooled by the LTES;

- six thermocouples named from t4 to t9 were inserted in the PCM
thanks to a rigid structure hanged on the top of the sample. More
in detail: t4 was located close to a corner, t5 close to a lateral
wall, t6, t7, t8, and t9 in the center of the base sample at 1mm,
5mm, 20mm, and 35mm, respectively, from the basement;

- a thermocouple named t10 was attached on the external lateral
wall in correspondence with the t5 thermocouple;

- a thermocouple named t11 was attached on the central highest
vertex of the aluminum structure. In the reference sample, this
thermocouple was not implemented;

- three other thermocouples, named t12, t13, and t14, were posi-
tioned in the insulated structure to monitor the heat losses to the
environment and to calibrate the numerical simulation to accu-
rately evaluate them.

The samples were heated with an electric resistance inserted in
the basement and the associated heat flow rate PEL was measured
and evaluated using Eq. (1). However, the effective heat flux qeff sup-
plied to the samples depends also on the unavoidable heat losses to
the surroundings qloss as presented in Eq. (2).

qeff ¼ PEL�qloss ð2Þ
In order to estimate the heat losses, an original combined experi-

mental-numerical approach was followed as proposed by Patankar
et al. [13]. The complete description of the procedure can be found in
Righetti et al. [18]. The first step consisted of a dedicated experimen-
tal test campaign on an aluminum block with the same dimensions
as the investigated samples: 42£ 42£ 60mm, which was equipped
with several T-type thermocouples and coupled to the heater block
using the same amount of the silicon thermal paste. The tests allowed
to measure the steady state temperature distribution in the alumi-
num block, in the heater block and insulation and on the faces of the
entire system that were exposed to the ambient, at different imposed
electrical power. The heat flux was increased until the aluminum
temperature reached a maximum mean temperature of around 115 °
C. The second step of the procedure was to realize a numerical model
of the setup and run an iterative procedure to estimate the heat
transfer coefficients on the side surface of the aluminum block and
insulation while the measured value of the heat flux was imposed.

A constant heat flux applied at the heater block and convection
heat transfer coefficients on each external surface were applied as
model boundary conditions. A grid sensitivity analysis was carried
out and the results were found to be independent for a number of
cells greater than »300,000. The primary objective of the numerical
model is to predict the natural convection boundary conditions and
overall heat losses that cannot be determined directly from the avail-
able experimental data. Thus, for each calibration data point, the free
variables in the numerical simulation are the convective heat transfer
coefficients on the side surface of the aluminum block and insulation.
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When all the measured experimental temperatures were matched
within §0.1 K, the procedure ended and the heat losses were calcu-
lated by subtracting from the imposed heat flow rate, the one that is
exchanged by natural convection through the side walls.

The results revealed that the heat losses can be estimated by:

jqlossj ¼ 0:0162��t½BC��0:3459 W½ � ð3Þ
The described procedure allowed to estimate both the convective

heat transfer coefficient between the hot surface and the ambient
and the heat loss; thus, to further confirm the described procedure,
an additional calibration test was carried out. In particular, for each
investigated electrical power, some dedicated experiments were run
in the same test rig by using the reference sample (i.e. the empty
box), which was filled with distilled water (64 g) and then heated
from 20 °C up to 90 °C. A cover plate was positioned on the top of the
sample to limit the water evaporation when the temperature went
above the 70 °C. During the tests, the water temperature field was
recorded by means of six thermocouples, named from t4 to t9, whom
locations are illustrated in Fig. 2. A parallel numerical simulation was
run using Ansys Fluent 18.2. The estimated values of convective heat
transfer coefficients and heat losses were imposed as boundary con-
ditions as well as the specific heat flux of each test. Fig. 3 presents the
comparison between experimental and calculated average water
temperatures for each heat flux: an excellent agreement was
achieved. This confirmed that the adopted combined experimental-
numerical calibration procedure represents a robust method to esti-
mate the heat losses in this kind of experimental setups.

Test campaign methodology

In this experimental work, the complete PCM charging and dis-
charging phases inside four samples are investigated. The charging
process was analyzed under three different imposed electrical
powers, 10W, 20W, and 30W. It starts when the entire sample is
isothermal at the ambient temperature and it finishes when the par-
affin is fully melted. Then, the heating resistance is switched off and
the discharging phase can start. It ends when the sample reaches 25 °
C by exchanging heat via natural convection to the still ambient air.
The sample was kept for the whole test duration inside a climatic
chamber set at 20 °C.

The temperature inside the PCM was continuously monitored
since it indicates the thermal performance of the sample. Results are
commented in terms of temperature distribution and charging and
discharging times.

Results

In what it follows, the experimental results are presented and dis-
cussed. They are subdivided into two sections: the first refers to the
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Fig. 3. Water tests: comparison between experimental and numerical results.
charging phase while the second presents the discharging one. In
each section, the total phase change times are compared among the
samples, then some images taken from the videos (available as sup-
plementary data) recorded during the experimental tests are
reported and commented, finally the temperature field inside the
PCM is discussed.

Charging phase

Table 3 resumes the charging times of all the specimens at the
three investigated heat fluxes. For the sake of clarity, the second part
of Table 3 reports the percentage reduction in charging time when
the 3D structures are used with respect to the reference one.

More in detail, Fig. 4 presents the temperature measured by the
thermocouple t8 located in the center of the PCM during the melting
phase for each test: Fig. 4a reports the 30W tests, Fig. 4b the 20W
tests and Fig. 4c the 10W tests.

The use of each 3D periodic structure allows for a remarkable
reduction of the charging time. In fact, the aluminum ligaments
increase the heat transfer area, since they are directly connected to
the heated basement, and efficiently spread the heat throughout the
paraffin wax. In fact, conduction is the major heat transfer mecha-
nism between PCM and the heater, as also observed and stated by
Biwole et al. (2018) and Kamkari and Groulx [6].

The charging time reduction increases with an increase of the
applied heat flux. On average, the time is 4.5% shorter when 10W are
imposed, but the reduction is on average 13.8% in the 30W tests. This
may be explained considering that the enhancement due to the
metallic ligaments is much more effective at high heat fluxes because
the amount of heat to be dissipated is greater and the metallic struc-
ture allows for an efficient heat spreading throughout the PCM. At
the contrary, in the case of the empty box, the heat has to be con-
veyed through the PCM that acts as an insulator rather than as a heat
transfer medium and thus the melting time and the PCM superheat-
ing are greater.

On the basis of the present results, the most efficient structure
appears to be the 10mm one. In fact, it allows for more significant
time reductions as compared to the others (up to 17.2%, see Table 3).
Similar results were also found by Righetti et al. [18] for a different
PCM, RT55. Besides, since the time reduction increases with the
decreasing of the base size, a sample having an even smaller base size
(for instance 5mm or so) should be even more efficient than the
10mm. Nevertheless, as found by Mancin et al. [11] and Righetti
et al. [17] for stochastic porous structures, for cell size equal or
smaller than around 5mm, there is not any noticeable difference in
the exhibited enhancement.

By analyzing Fig. 4, it can be seen that the reference sample
reaches higher final temperatures. In fact, it required a longer time to
Table 3
Charging times and percentage reduction in charging
time when the 3D structures are used with respect to the
reference sample.

Reference 10 mm 20mm 40 mm
[min] [min] [min] [min]

10 W 112 106 107 108
20 W 43 37 38 39
30 W 29 24 25 26

Percentage reduction with respect to the reference(%)
Reference 10 mm 20mm 40 mm

10W � �5.4 �4.5 �3.6
20 W � �14.0 �11.6 �9.3
30 W � �17.2 �13.8 �10.3



Fig. 4. Temperature in the center of the PCM (t8) during RT70 charging phase at 30W (a), 20W (b), and 10W (c) in the 40mm, 20mm, 10mm samples and in the reference one.
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totally melt the PCM due to its low average thermal conductivity. For
this reason, in certain areas the liquid paraffin wax is strongly super-
heated, so the final temperature is higher than in the other struc-
tures.

At the beginning of the test during the sensible heating before the
melting point, the temperature in the core increases for all the sam-
ples with a similar trend. Then, during the phase change, the temper-
ature slope decreases and the 10mm sample seems to take a shorter
time to complete the melting process. This can be explained consid-
ering that in the case of 10mm structure, the temperature of the core
is on average slightly higher as compared to those of the other sam-
ples (see for instance the data taken at 30W, Fig. 4a). This allows for
a faster melting process. Close to the end of the charging phase, t8
rapidly increases: in this moment, hot liquid wets in the thermocou-
ple and the melting front moves upward. Then a few minutes later,
all the PCM is melted.

At an imposed heat flow rate of 10W (Fig. 4c), the three enhanced
samples show almost the same profiles, this can be due to the fact
that the power is so low that even the conduction through the struc-
ture cannot significantly improve the performance.

Moreover, the core temperature in the reference sample increases
faster than those measured in the others, this is probably due to a dif-
ferent distribution of the liquid during the melting process.
Fig. 5. a Peculiar frames of the reference sample charging at 20W video. Fig. 5b. Peculiar fra
sample charging at 20W video. Fig. 5d. Peculiar frames of the 10mm sample charging at 20W
To better understand the underlying physic of the melting pro-
cess, four videos were collected with a Nikon D610 camera equipped
with a 24mm lens at 60 fps. Fig. 5 reports some peculiar frames of
the videos collected during the 20W tests, the full videos are also
available as supplementary data. In particular, Fig. 5a, 5b, 5c, and 5d
report the reference, 40mm, 20mm, and 10mm samples images
respectively.

All the videos are recorded without thermocouples inserted in the
PCM to allow for a clearer visualization of the process. The only thin
wire, when present, is the t11 thermocouple wire that was glued on
the top of the aluminum structure.

The first frame showed in Fig. 5 is taken when the first melted
phase is visible. It appears sooner in the 10mm sample (after 9min,
Fig. 5d), while later in the reference sample (25min, Fig. 5a). Since all
the specimens were receiving the same amount of heat from the car-
tridge heater, it can be concluded that the 10mm sample is able to
transfer quicker and more efficiently the heat from the bottom to the
top paraffin. In fact, in the 10mm structure, a higher number of alu-
minum ligaments (i.e. higher heat transfer area) contribute to spread
the electrical heat.

Furthermore, also the distribution of melted and non-melted
areas varies among the samples. In the reference one (Fig. 5a), the
PCM receives heat from the base and from the lateral aluminum
mes of the 40mm sample charging at 20W video. Fig. 5c. Peculiar frames of the 20mm
video.



Fig. 5 Continued.
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walls. Accordingly, it melts starting from the lateral walls and from
the bottom. In fact, after about 34 min, a large iceberg-like PCM solid
portion is randomly moving in the liquid paraffin wax, like an ice
cube in a water glass. Finally, this small PCM volume sinks and, when
touching the hot basement, it quickly melts disappearing.

A similar behavior can be identified also in the case of the 40mm
sample (Fig. 5b). In fact, the specimen presents just few thick liga-
ments that convey the heat inside the PCM. Here the paraffin wax
receives the heat from the bottom and the lateral walls, but it can
clearly be seen that it is heated also by the central ligaments (for
instance, see frame at 16min). In this case, the 3D structure sticks
the solid core, which cannot float on the melted PCM. Hence, the
solid PCM remains connected only to the inside ligaments sur-
rounded by the superheated liquid, which has a very low thermal
conductivity.

Considering smaller base cell sizes, 20mm and, especially, 10mm
samples (Fig. 5c and 5d respectively) present a different melting pro-
cess. Once again, the first melted PCM is visible close to the external
walls, and very likely, to the bottom. However, the higher number of
ligaments efficiently spread the heat throughout the PCM, allowing
for a more uniform temperature distribution and thus phase change
process. The last volume to melt is the top layer, which makes the
visualization of the process difficult by only means of a camera
installed on the top of the sample.
For this reason, the analysis of the measurements of the thermo-
couples inserted inside the PCM becomes fundamental to better
understand the melting process.

Fig. 6 presents the temperature field in the four PCM samples
when heated at 20W. More in detail, Fig. 6a, 6b, 6c, and 6d reports
the data collected in the reference, 40mm, 20mm, and 10mm sam-
ples, respectively.

At a first glance, the temperatures in the reference and in the
40mm samples are more scattered as compared to those recorded
for 10mm and 20mm samples, which means that there is a remark-
able difference between the junction (t3) temperature and the mini-
mum temperature measured inside the PCM. In the case of the
reference sample, the maximum temperature difference reaches
more than 40 K, while for the 40mm sample, it is slightly lower but
still around 30 K. For the other two samples, the maximum tempera-
ture difference is always lower.

As expected, the junction temperature (t3) is always the highest
recorded temperature, while the temperatures close to the external
walls (t4 and t5) and to the bottom wall (t6) increase quickly, espe-
cially in the reference sample and the profiles follow that measured
by the t6, which is close to the heated surface. This confirms the
visual observations discussed before for the reference sample: the
paraffin wax melts from the bottom and from the lateral walls and
the liquid superheats due to the low thermal conductivity of the
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PCM. The solid PCM remains colder and the melting process is very
slow. When the 3D periodic structure is added, the behavior recorded
by these three thermocouples is different; for instance, in the case of
the 40mm sample, the bottom temperature (t6) and the corner one
(t4) increase very fast while the lateral temperature (t5) presents a
different profile. In this case (40mm sample), the thick ligament
which originates from the corner heats up quickly the area where t4
is positioned while the thinner walls show a delayed warm up. A sim-
ilar behavior can be noticed also in the case of 20mm sample while
the temperature profiles of the 10mm one show that the melting
process proceeds from the bottom to the top.

It is also interesting to discuss the behavior showed by t6, which
again confirms the behavior highlighted by the visualizations in the
case of the reference and 40mm samples. At the end of the melting
process, this thermocouple, which is located 1mm far from the base,
presents a sudden reduction, because the last small piece of relatively
cold, solid PCM sinks and reaches the bottom before melting.

In the case of reference, 40mm and 20mm samples, the tempera-
ture in the center (t8) remains remarkably low for a long part of the
test and then quickly increases, defining the moment when the solid
core collapses.

As also comes out from the visualizations, the 10mm sample
exhibits a completely different melting process; in fact, no solid core
appears and sinks at the end of the test. From the analysis of the tem-
perature distribution, as already stated, the process appears to be
developed from the bottom to the top. Hence, t8 gradually increases
and the last thermocouple that reaches the melting point is the t9,
the temperature on the top PCM layer, which shows the conclusion
of the phase change. Again, this means that the last solid PCM
remains in the top layer, as observed in the video recorded and previ-
ously commented in the same paragraph.

Particular attention should be given to the junction temperature.
This value is rather meaningful since it represents the temperature of
a potential electronic device during functioning when coupled to a
PCM heat storage.

Table 4 summarizes the junction temperature (t3) at the end of
the melting phase and the temperature reduction obtained with the
3D structures with respect to the reference.

The highest junction temperature is always reached when the ref-
erence sample is used. In this case, no additional structures help to
spread the heat. The highest reductions are exhibited by the 10mm
sample at 30W, which reaches �18.6 K. However, especially at 10
and 20W there is not any appreciable difference among the perfor-
mance of the three periodic structures in terms of maximum junction
temperature

To further analyze and confirm the previous considerations, it is
possible to study the temperature of the central top aluminum liga-
ment (t11). The values of the maximum temperature reached by t11
at the end of the charging phase are listed in Table 5 for all the 3D
structures (obviously it is not present in the reference sample).



Fig. 5 Continued.
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The 10mm specimen presents a t11 temperature always lower
than the other structures, implying a more efficient heat transfer in
the lower regions of the container. Oppositely, in the 40mm sample,
the heat seems to move faster to the upper region through the fewer
but thicker ligaments.
Discharging phase

The discharging phase can be studied in terms of time of solidifi-
cation from the end of the melting (i.e., when the cartridge heater is
switched off) and the moment in which the PCM reaches a specific
temperature. In the present work, two discharging times are defined.
The first, named total discharging time, is defined as the time needed
by the entire PCM to reach a temperature below 25 °C. The second,
named partial discharging time, refers to the time needed by the
PCM to reach a temperature 10 K lower than the phase change tem-
perature (i.e., 60 °C). During the discharging phase, the samples
exchange heat in natural convection with the surroundings, being
located in a climatic chamber set at 20 °C.

Table 6 resumes the total and the partial discharging times and
the corresponding percentage time reduction with respect to the ref-
erence sample collected after the three different charging phases at:
10, 20, and 30W. It has to be pointed out that, as reported in Table 4,
the samples reached different temperatures at the end of the
charging phases run at different imposed heat flux, hence, the dis-
charging phases start at different initial temperatures.

The longest discharging times are recorded for the reference sam-
ple after the 30W charging test. This result was expectable, since the
reference sample does not present any aluminum structure that can
help in spreading the heat through the PCM and because the 30W
heating phase leads to the highest temperatures in the PCM. In any
case, the discharging times measured for both the reference and the
3D periodic structures samples are much longer than the charging
ones. This can be explained considering that during the discharging
phase the heat is exchanged mainly by natural convection through
the aluminum lateral walls and it decreases as the wall temperature
decreases. It can be stated that the latent heat storage working cycle
is much more affected by the discharging phase. For these reasons, it
would be interesting in a future research enhancing the cooling
down efficiency with the aim of reaching similar charging and dis-
charging times.

In general, it can be stated that the 10mm sample exhibits the
best performance showing consistent time reductions, which on
average are more than 20% when considering 25 °C as final tempera-
ture while it is more than 40% for the 60 °C. Then, the improvement
of the discharging phase worsens as the base size decreases.

Fig. 7 reports the temperature in the middle of the PCM samples
(t8) during the discharging phase after a charging carried out at 30W
(a), 20W (b), and 10W (c), respectively.



Fig. 6. RT70 charging phase at 20W in the reference, 40mm, 20mm, and 10mm samples.
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Table 5
Maximum temperature reached by t11 at the end of the
charging phase.

t11 Reference 10 mm 20mm 40 mm

10W � 81.2 82.8 82.8
20 W � 88.2 91.6 95.5
30 W � 99.2 101.3 100.6

Table 6
Discharging times up to 25 °C and up to 60 °C and corre-
sponding percentage time reduction with respect to the
reference sample.

Discharging times up to 25 °C (min)
Reference 40 mm 20mm 10 mm

10W 194 182 162 146
20 W 194 172 154 157
30 W 215 189 160 159

Discharging times up to 60 °C (min)
Reference 40 mm 20mm 10 mm
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At all the investigated imposed heat fluxes, the reference sample
reaches higher final temperatures during the charging phase, in fact it
requires a longer time to completely melt the PCM due to a less efficient
heat spreading capability. For this reason, the liquid superheats and,
consequently, the maximum temperature increases. Thus, the discharg-
ing phase starts at higher temperatures and it takes a great amount of
sensible heat to be rejected to de-superheat the liquid, which leads to
longer times. In general, the de-superheating and the subcooling pro-
files present almost similar slopes for all the tested samples.

Considering the data relative to 30W and 20W, the phase change
interval (i.e., when the temperature is almost constant) is much lon-
ger for the reference sample as compared to the other ones. When
the periodic structures are used, the heat transfer performance
improves and the enhancement increases as the base size decreases.

Fig. 8 shows a few interesting frames of the video recorded during
the discharging phase for the four tested samples (the full videos are
available as supplementary data). Differently to what has been done
during the charging phase, in order to have a direct and fair compari-
son of the discharging phase of all the samples, it was decided to heat
the specimens inside an oven up to 75 °C. When all the paraffin wax
masses contained in each specimen were totally melted and reached
the oven temperature, the samples were located in the 20 °C climatic
room and the video was recorded. Of course, this test differs from the
discharging ones collected during the experimental campaign but it
allows for a direct visual comparison between the samples giving
new insight on the underlining heat transfer mechanisms on the
basis of the solidification process inside 3D periodic structures.

As described in Fig. 8, the reference structure is located top right,
the 40mm one top left, the 20mm bottom left and the 10mm bot-
tom right.

At the beginning of the test (frame 0min) all the wax was liquid.
Just 1min after, it is possible to detect a very thin solid layer on the
top of the liquid in the 10mm and the 20mm samples, and few solid-
ified spots on the 40mm top. After about 2min the solid layer
appears also on the top of the reference sample, and then after 3min,
all the samples are covered by a thin layer of solid PCM and the solid-
ification process continues towards the inside. Thus, in the subse-
quent minutes, the solid layer thickens and it does not permit to see
inside anymore.

Fig. 9 presents the temperature recorded by the thermocouples
inserted in the reference (a), 40mm (b), 20mm (c) and in the 10mm
(d) samples during the discharging phase after a 20W heating.

Similarly, to what it happens in the charging phase, the tempera-
ture field is more scattered in the reference specimen, while the 3D
structures tend to homogenize the temperature. The smaller the base
size, the more homogeneous the temperature. In fact, the best perfor-
mance is exhibited by the 10mm sample in which, apart from the
very top thermocouple (t9) which cools down very fast, all the other
temperatures show very similar profiles meaning that the
Table 4
Maximum junction temperature (t3) reached at the end
of the melting phase and percentage time reduction
with respect to the reference.

T max junction ( °C)
Reference 40 mm 20mm 10 mm

10W 89.8 86.2 86.4 86.0
20 W 107.6 98.9 98.0 100.5
30 W 125.6 111.8 108.1 107

Reduction with respect to the reference (K)
Reference 40 mm 20mm 10 mm

10W � �3.6 �3.4 �3.8
20 W � �8.7 �9.6 �7.1
30 W � �13.8 �17.5 �18.6
solidification occurs uniformly inside the PCM. In the case of the ref-
erence sample, the max-min temperature difference reaches almost
30 K, and the last zone that solidifies is the center (t8).

These experimental results confirm the phenomenology
described by means of the frames extracted by the video and
reported in Fig. 8.
PCMs comparison

This section reports a brief comparison of the phase change
behavior of the RT70 and of RT55, which presents a different melting
temperatures (i.e. around 55 °C). The results here proposed are par-
tially reported in Righetti et al. [18] and they were run following the
same experimental procedure used in the present work. This com-
parison permits to highlight the peculiar heat transfer properties and
of the two paraffin waxes, which apart from the latent heat of fusion
(260 kJ kg�1 for the RT70 and 180 kJ kg�1 for the RT55), show similar
thermo-physical properties.

A PCM with a relatively high melting temperature, like RT70,
forces the system to work at a consequently high temperature inter-
val, differently, if a lower phase change temperature PCM is used, a
lower working temperature could be reached.

Fig. 10 presents the comparison between RT70 and RT55 during
the charging at 20W (a) and the consequent discharging (b) in the
10mm sample. The y-axis reports the temperature difference defined
as the average PCM temperature (i.e. the average value of t4, t5, t, t7,
10 W 98 75 60 54
20 W 103 83 59 63
30 W 110 85 72 65

Percentage reduction with respect to the reference (%)
Discharging times up to 25 °C

Reference 40 mm 20mm 10 mm

10W � �6.2 �16.5 �24.7
20 W � �11.3 �20.6 �19.1
30 W � �12.1 �25.6 �26

Discharging times up to 60 °C
Reference 40 mm 20mm 10 mm

10W � �23.5 �38.8 �44.9
20 W � �19.4 �42.7 �38.8
30 W � �22.7 �34.5 �40.9



Fig. 7. t8 temperature, in the middle of the 40, 20, 10mm samples and the reference one during RT70 discharging phase after a charging phase carried out at 30, 20, and 10W.
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Fig. 8. Relevant frames of the discharging process staring with all the samples initial bulk temperature of 70 °C.
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t8, and t9) minus the nominal melting temperature (i.e. 70 °C for
RT70 and 55 °C for RT55).

By comparing the data plotted in the diagrams, it clearly appears
that the slopes of the temperature difference profiles of the two par-
affin waxes during the sensible heating and de-superheating are
almost similar; this result confirms that the two PCM have almost the
same thermal conductivity in both solid and liquid phases.

Considering the charging phase (Fig. 10a), being the heat flux kept
constant, the RT55 exhibits a faster process since it has a lower latent
heat and it has to reach a lower final temperature.

Differently, during the discharging phase, the two paraffin waxes
exhibit similar solidification times despite that their latent heat are
different and, furthermore, in the case of the RT70, also the driving
cooling temperature difference between wax and air is much higher.

Non-dimensional modeling

The collected experimental data were then used to validate a
semi-empirical correlation to estimate the junction temperature, a
very important parameter to control when such latent heat thermal
energy storages are used. This correlation was proposed by Righetti
et al. [18], who modified the model initially developed by Mallow
et al. [10], and also implemented by Diani and Campanale [2] in the
particular case of PCM embedded in metal foams. The correlation is
based on a non-dimensional analysis that takes into account the
main thermophysical properties of the composite material.
This composite material is a fictitious material that includes both
the PCM and the 3D periodic metallic structure.

According to Mallow et al. [10], the density, the thermal conduc-
tivity, the specific heat, and the latent heat of the composite material
can be evaluated as Eqs. (4), 5, 6, and 7 respectively:

rCOM ¼ e ¢rPCM þ 1�eð Þ ¢rs ð3Þ

λCOM ¼ 0:33 ¢ λs ¢ 1�eð Þ ð4Þ

cp;COM ¼ e ¢ rPCM

rCOM
¢ cp;PCM þ 1�eð Þ ¢ rs

rCOM
cp;s ð5Þ

rCOM ¼ e ¢ rPCM

rCOM
¢ rPCM ð6Þ

The porosity e of the present specimens is 0.95, and the thermal
conductivity of the AlSi10Mg-0403 aluminum alloy once printed was
measured to be equal to λ s = 96W m � 1 K � 1. The aluminum density
was set at 2700 kg m � 3, as declared by the manufacturer, while the
specific heat equal to 800 J kg�1 K � 1.

Table 7 resumes the values of the main thermophysical properties
at 20 °C of the composite material composed by RT70 and the investi-
gated 3D printed aluminum specimens.

As proposed by Righetti et al. [18], the correlation is based on
three non-dimensional parameters: the modified Stefan number Ste,
the Fourier number Fo, and the non-dimensional temperature u,



Fig. 9. Temperature recorded by the thermocouples inserted in the reference, 40, 20 and in the 10mm samples during the discharging phase after a 20W heating.
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Fig. 10. Comparison between RT70 and RT55 paraffin waxes during charging at 20W (a) and discharging after a 20W heating (b) in the 10mm sample.
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defined as following by Eqs. (8), 9, and 10 respectively:

Ste ¼ cp;COM ¢ Tmelt�Tið Þ
rCOM þ cp;COM ¢ Tmelt�Tið Þ ð7Þ

Fo ¼ λCOM ¢ tmelt

rCOM ¢h2 ¢ cp;COM ð8Þ

Q ¼ Tj�Tmelt

Tmelt�Ti
ð9Þ

The resulting equation from the experimental data collected and
here proposed is:

Q ¼ 0:31 ¢ Ste ¢ Foð Þ�0:69 ð10Þ
Table 7
thermophysical properties at 20 °C
of the composite material.

Property Calculated value

λCOM 1.584Wm � 1 K � 1

rCOM 971 kgm � 3

cp,COM 1847 J kg�1 K � 1

rCOM 223.85 kJ kg�1 Fig. 11. Experimental vs. calculated non-dimensional temperature evaluated by using
the here proposed correlation.
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This correlation is able to predict the experimental data with a
mean relative deviation of �0.7%, an mean absolute deviation of 7.0%
and a standard deviation of 8.1%. Fig. 11 presents the comparison
between experimental and calculated non-dimensional junction
temperature, the model shows a very good agreement also with the
present experimental data.
Conclusions

A paraffin wax with a phase change temperature of 70 °C was
selected as PCM to be implemented in LTESs. Three aluminum 3D
periodic structures were designed, 3D printed and then studied to
enhance the heat transfer performance of the paraffin wax. They all
presented the same porosity to investigate the effect of the cell base
size. All the structures were heated with a constant heat flux from
the bottom generated by a cartridge heater and then were cooled
down by still ambient air at 20 °C. The charging (from ambient air to
the total melt) and the discharging (from the switch-off of the electri-
cal heater to 25 °C) phases were studied by imposing three different
heat fluxes (10, 20, and 30W).

The 3D periodic structures remarkably enhance the heat transfer
performance of the LTES, in fact, in all cases the charging and dis-
charging time are reduced.

This can be explained considering that the aluminum ligaments of
the 3D periodic structures increase the heat transfer area, since they
are directly connected to the heated basement, and thus they
improve the heat spreading throughout the paraffin.

Among the three structures, the most efficient is revealed to be
the 10mm one, which allows for more significant time reductions
than the others during both the charging and discharging phases (up
to 17% during charging and up to 26% during discharging). Since the
time reduction increases with the decreasing of the base size, a sam-
ple having an even smaller base size (for instance 5mm or so) might
be even more efficient than the 10mm.

The melting process was studied by collecting some videos and by
analyzing the temperature field inside the PCM: the 10mm structure
presented a different melting behavior thanks to the higher number
of ligaments that spread the heat inside the PCM.

The discharging time is much longer than the charging one.
So, the working cycle is much more affected by the discharging
phase. This opens new interesting research opportunity to inves-
tigate how to reduce the overall thermal resistance of the system
that during the discharging phase is dominated by natural con-
vection through the walls rather than by the internal heat con-
duction inside the PCM.

Finally, a correlation recently proposed by Righetti et al. [18]
to evaluate the junction temperature in a latent heat storage
where a PCM is coupled with a 3D periodic structure is validated
against the new present experimental database. The correlation
was able to fairly predict the experimental data with a relative
deviation of �0.7%, an absolute deviation of 7.0% and a standard
deviation of 8.1%.
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