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Abstract

Phase change materials (PCMs) are an interesting category of materials employed in latent heat thermal energy storage,
such as ad hoc designed heat exchangers. Nowadays, there are several typologies of PCMs, which derive from the wastes of
the agricultural industry, which could be used for this kind of design. Each material made of biological waste has a different
melting/solidification point and latent heat of fusion/solidification, which means flexibility of design on the heat exchangers
by considering the different thermal proprieties of the chosen material. Also, using recycled material from wastes can lead
to an overall improvement of the resources and goes hand in hand with the need of today’s society to aim more and more at
a Circular Economy. The industrial development of this kind of material is limited by its thermal properties, such as poor
thermal conductivity both in liquid and solid phases, leading to low heat transfer effectiveness. To overcome these limita-
tions, in this paper, the bio-based PCMs were integrated into a metallic reticular structure made of copper and aluminium and
realised through Indirect-Additive Manufacturing, to improve the overall thermal conductivity of the system and increase the
efficiency of the heat transfer. Four compound structures filled each time with four different PCMs were realised and tested,
in order to thermally characterise each combination of materials used and choose which one has an overall better thermal
behaviour. The results showed how the thermal storage/release was improved by 10% for the copper reticular structure, even
if must be considered the tradeoft between better thermal management and the increase of the costs and the weight of the
designed heat exchanger.
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1 Introduction drawing particular attention is the solar one [4, 5]. During

the last decades, researchers in different areas of study have

The increase in energy demand and environmental issues
due to the widespread use of fossil fuels encouraged many
countries to focus on sustainability, for this reason, renew-
able and sustainable energy sources are getting more and
more important [1-3]. One of the most affordable and
favourable sources of renewable green energy which is
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tried to improve the efficiency of energy production systems
through solar sources. The included researches concerned
the enhancement of the heat transfer process during the stor-
age [6-9], upgrading the solar technology photoresponsiv-
ity [10, 11], and the usage of high-performance materials
[12—-14]. In optic of an overall increase of the performance
of solar energy in general, storage systems must be consid-
ered. Storage of energy could occur as latent heat during
the transition of material phases at specific temperatures,
i.e. liquid to solid.

A family of materials used for solar energy storage are
known as phase change materials or briefly PCMs. Com-
pared with usual heat storage systems in PCMs a larger
quantity of energy can be stored in smaller weights and vol-
umes due to the phase transition. Also, during the charging
and discharging of energy. there are smaller temperature
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differences than other conventional sensible heat storage
media because of the small temperature swing, which leads
to an increased versatility in various applications. For these
reasons, PCMs could be implemented in small-size systems
[15-17]. The implementation of PCMs in industrial appli-
cations involves the charging or discharging of the material
with a specific amount of thermal energy by having heat
transfer with working fluids. However, the low thermal con-
ductivity of the PCMs is the main drawback since it lowers
the overall efficiency of the thermal systems. Consequently,
an increment in the thermal conductivity and heat transfer of
a PCM package is the key factor for using them on a wider
range of industrial applications. Many research projects have
been conducted to increase the effective surface area of the
package, to enhance the thermal charging and discharging
[18]. Cao et al. [19] reported that the PCM melting rate is
accelerated by adding fins to the structure which contains
it. In the work is defined a time-averaged Nusselt number
which considers the efficiency of the heat transfer mecha-
nism. By implementing the time-averaged Nusselt number,
they found out that with an increment of the number of fins,
the area of the heat transfer surface is increased whilst the
heat transfer coefficient is decreased. The number of fins is
a key factor for the improvement of conductive wall heat
transfer. Joneidi et al. [20] made an experimental study to
evaluate the melting phenomenon in a horizontal heat sink
with plate fins by changing the height and the number of
fins. Their results showed that adding fins to the enclosure
leads to a lower base temperature and a higher melting rate.
In particular, a more uniform temperature distribution is
achieved by increasing the number of fins. Also, they found
that the number of fins has a more significant effect if they
are below the critical temperature. Adem et al. [21] per-
formed an experimental study and added fins to the PCM
enclosure. They found that although adding fins can decrease
the melting time of PCM., an increment in the fins’ thickness
can cause adverse effects on the melting time.

Together with industry, another one of the main sectors
of energy consumption and environmental pollutions in
the world is buildings since it is one of the most respon-
sible energy consumption sectors [22]. It is stated by vari-
ous researchers that the energy consumption in buildings
accounts for 20 to 40% of the total energy usage depend-
ing on location, and 36% of CO, emissions are sourced by
buildings in Europe [23-25]. At this point, the reduction of
energy consumption of buildings has gained special atten-
tion for the sustainability of the habitats of society that
mainly consist of buildings [26]. Therefore, researchers
focus on the studies that consider various ways for energy
and emission reduction of buildings, which contributes to
sustainable solutions and thermally more comfortable liv-
ing places [27, 28]. Other than the classic produced PCMs
(Paraffin 32, Lauric Acid, Petroleum Jelly, Capric Acid,
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Vaseline, etc.) the ones manufactured by bio-based compo-
nents from agricultural wastes are particularly interesting in
optic to increase the overall efficiency of the entire produc-
tion process and achieve the aims of the Circular Economy
and recycle of the industrial wastes.

In this paper, 4 bio-based PCMs derived from agricultural
wastes (Pure Temp 68, Crodatherm 60, Crodatherm 74, Cro-
datherm ME29P) were thermally tested and characterised.
All the aforementioned PCMs were chosen since they are
awarded with many Sustainable Development Goals (SDG)
from SDG 12 to SDG 15, which ensures the 0% environ-
mental impact of the adopted materials. To overcome the
limitations of the PCMs (low thermal conductivity both in
liquid and solid phases) the bio-based materials were inte-
grated with metallic reticular structure realised through
I-AM. The novelty of this combination consists of the crea-
tion of a monolithic metallic structure without needing to
join the internal reticular structure to the external pipe. The
entire structure is realised through the 3D printing of the
resin model and the subsequent investment casting of the
metal, which can be filled with the PCM with a high surface/
volume ratio, enhancing the thermal exchange since there
is better continuity of the material. Those goals could not
be reached with conventional technologies. Other uncon-
ventional technologies that can be used for the produc-
tion of metallic samples can be the AM through EBM or
SLM. The disadvantages of those processes compared to
the stereolithography are the higher presence of air entrap-
ment, which leads to an overall lower thermal behaviour,
and higher production costs of the machinery used for the
modular realisation of the samples. Almonti et al. [29-31]
used stereolithography 3D printing to produce foam models
made of a foundry resin. Following, this model was repro-
duced with a casting process to achieve a metal foam with
the designed structure. The compound structures analysed in
this work were produced with the aforementioned bibliog-
raphy methodology and made of aluminium AC-44300 and
copper alloy, with two different pore dimensions (¢ 3.2; ¢
6.4). The chosen PCMs typology were melted and integrated
into the reticular structures. The differences between each
of the 16 configurations analysed were evaluated through
thermal imaging. Moreover, for each sample were evaluated
the power absorbed and released expressed in terms of unit
length (respectively Pﬁj and P} ) for a better comparison of
the results, since the produced structures can be part of a
modular system projected ad hoc for solar thermal storage.

The conceptualization of the modular system follows the
guidelines established by Bi et al. [32] and is showed in
Fig. 1. Different modulus filled with bio-based material can
be connected and integrated into solar panels, to accumulate
the heat necessary for the phase change of the PCM, which
can work as a heat exchanger and distribute the absorbed
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Fig. 1 Conceptualization of the
modular system which can be
integrated in solar panels for the
storage of thermal energy

energy for different applications (i.e. the production of hot
sanitary water for domestic use).

Finally, an ANalysis of VAriance (ANoVA) was per-
formed. In literature, ANoVA is used to understand the
significant factors in experimental results [33-35]. In the
present work, it was applied to evaluate the influence of the
PCM and structural parameters during both the heating and
cooling phase of the experimental tests.

2 Materials and methods

Reticular structure models were designed by means of the
CAD software Solidworks. Initially, the 2D with the external
pipes and the reticular configuration were drawn. Therefore,
the sketch was extruded along Z axis for 40 mm, obtaining
the final reticular structure configuration shown in Fig. 2.
After the CAD realisation, the resin models were real-
ised through the stereolithography 3D printer XFAB 2000
DWS with a photosensitive resin FUSIA 444. The internal
reticular structure of the pipes allows obtaining the printing
process without external supports. Following, the realised
compound structures were polymerized for 1 hina UV oven.
Following the realisation phase, the resin models were ana-
lysed and measured through a system of optical microscopy
HIROX-RH-2000 and 3D laser scanner ZG Technologies

Fig.2 CAD of the reticular
structure models: a @ 6.4; b
032

— Atlascan to check the conformity to the specifics of the
realised models. After the realisation of the resin model, it
was made the plaster mold necessary for the direct casting.
Plaster suspension was produced by mixing plaster pow-
der and water at 25 °C for 4 h. In order to eliminate air
inclusions in the suspension and prevent defects during the
casting process, a vibrating platform and a vacuum machine
were used. Successively, the suspension was inserted in
the foundry cylinder to form the plaster mold. A thermal
cycle was imposed on the plaster mold to remove the resin,
consolidate its structure and reach the casting temperature.
After, the casting process was made through the foundry
machine ASEG Galloni G5 that enable the metal to melt
in an inert atmosphere (Argon). Those phases are specular
for both copper and aluminium samples. Subsequently, the
molten metal fills the mold through a vacuum. Following the
casting process, the plaster was removed from the cylinder
after 6 h of cooling. The samples realised through the entire
process of I-AM are shown in Fig. 3.

Once the realisation phase is over, it proceeded with the
filling of the compound structures. Four typologies of bio-
based PCM fillers were studied, adopted, and characterised.
The thermal properties of the fillers are described in Table 1.

During the filling phase, for each sample it was turned an
Aluminium base with an o-ring housing seat in the internal
part, where subsequently was inserted a gasket, to avoid the

@ Springer



152 The International Journal of Advanced Manufacturing Technology (2022) 119:149-161

Fig.3 Reticular structure
realised through [-AM: a Alu-
minium @ 6.4; b Copper @ 6.4,
¢ Aluminium @ 3.2 d Copper
032
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Table 1 Thermal properties
of the bio-based PCM fillers
analysed

Pure Temp 68 Crodatherm 60 Crodatherm 74 Cro-
datherm
ME29P
Melting point [°C] 68 59.8 74.8 28.8
Latent heat (melting) [J/g] 213 217 226 183
Latent heat (solidification) [J/g] -213 —-212 - 224 - 179
Specific heat (liquid) [J/g°C] 1.91 1.4 1.8 1.4
Specific heat (solid) [J/g°C] 1.85 23 2 2.3

leaking of the liquid PCM filler. However, this solution was
not effective since the gasket alone was not enough for seal-
ing the liquid. This problem was solved by adding a vacuum
bag sealant through the gap between the sample and the
aluminium base, giving additional protection from the leak-
ing of the PCM in the liquid phase. Once achieved the bases
for each metal sample, each typology of bio-based filler was
heated up at its melting temperature, and successively it was
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versed into the reticular structures realised. The filled com-
pound structures were left cooling for 3 h at environmental
temperature (25 °C) to let the PCM filler solidify inside the
reticular samples. Since there was an excess of bio-based
material, a mechanical cleaning showed in Fig. 4 was needed
after the filling phase, to obtain the final tested structures.
After the filling phase, the experimental tests were
carried out. Samples were enveloped with a 1 m linear
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Fig.4 Sample in different
phases of the mechanical clean-
ing after the filling phase

resistance (30 W/m) with 6 spires in total, to heat the sam-
ples in a controlled way. The experimental setup to analyse
the thermal performance of each PCM is shown in Fig. 5.
Each sample filled with the PCM filler enveloped with the
linear resistance on the aluminium base was connected
to a controller which heats the system until it reaches the
desired working temperature (80 °C). To control the tem-
perature during the heating phase, a thermocouple type K
was inserted at the centre of the reticular structure. Once
the thermocouple measures a T > 80 °C the controller
turns off and stops providing electric power to heat the
sample. The working temperature of 80 °C was chosen
since is higher than the temperature of transition in the
liquid phase for every typology of PCM filler considered.
The single test has been structured in different steps:

Fig.5 Experimental setup
used to evaluate the thermal
performance of the PCM fillers
integrated into the reticular
structures

thermocouple

Lil]

[—

1. During the first step, the controller is turned on, provid-
ing thermal power (30 W) for conduction on the lateral
surface of the sample for 40 min. The PCM filler during
this step will change its phase, turning from solid into
the liquid phase.

2. During the second step, the controller is turned off, and
the cooling happens by natural convection at environ-
ment temperature (~20 °C) for 80 min. During this step,
the PCM filler will change again its phase turning from
a liquid into a solid phase.

The duration of the test is 120 min. The entire tem-
perature field is evaluated through a thermal camera FLIR
A655sc with lens Close-up 2.9 % (50 um), connected to the
respective software for digital thermography analysis. As
shown in Fig. 6 in each test were extracted 7 temperature
histories from the core points (cursor) defined as follows:

infrared
camera

heating

source

sample

I

Tl =

RN

controller

computer
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Test 1

Test 2

Test 3

Fig.6 Schematic and effective representation of the point of interest (cursor) for each repeated test

e Cursor 1: based in the middle of the section of the sam-
ple;

e Cursor 2-4-6: based on the circumference of medium-
range from the section;

e Cursor 3-5-7: based in proximity of the maximum ray
circumference in the section.

Each copper and aluminium sample was filled and tested
with each PCM filler considered for this study, so a total of
16 different structures (4 x 4) were performed. Also, each
structure was tested 3 times, and the cursor position during
each test was changed by rotating them by 90°, to verify the
repeatability of the temperature history results. A total of 48
experiments were performed.

In order to compare the different reticular structures, the
materials and the PCM fillers, an analysis of the thermal
power for unit length absorbed and ceded during the tests.
Were evaluated from the mean temperature histories the fol-
lowing parameters:

e The max Temperature during the heating phase (7") is

considered as the max temperature reached before the
first oscillation due to the shutting down of the controller

@ Springer

e The environmental Temperature (7,,,,)

e The temperature of start cooling (7°) is considered as
the max temperature reached during the last oscillation
before the shutting down of the controller

e The temperature of end cooling (7, ) is considered as
the temperature measured at the end of the testing

e The heating time (7,) is considered as the time spent by
the controller to reach the max Temperature during the
heating phase (7},)

¢ The cooling time (¢,) is considered constant of 80 min
which is the time where the controller is turned off until
the end of the measurement phase which happens by
convection cooling.

Besides the known quantities obtained by the results
from thermography, and known respectively:

¢ The mass of the sample without filler (m,,)

e The mass of the PCM filler inside each reticular struc-
ture (mf)

e The latent heat of fusion and solidification of the PCM
typology analysed (4, 4,)

e The solid and liquid specific heat of the PCM fillers (c,, ¢))
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¢ The specific heat of the copper and aluminium (c,,)
¢ The temperature of the transition phase of the PCM (T,
e The length of the 3D printed reticular structures (L)

It was possible to evaluate the heating absorbed/ceded from
the PCM fillers during the heating/cooling phases by means
of the Egs. (1, 2).

0" = [mpx ey % Ty = Tyn) | + (my X A) + Imp x ¢ X (T" = T,

6y

O = [myxe;x (T =Ty )| + (myp x A,) + Imp X e, X (T = T,,,)1

@)

By defining the specific heath of the metals used (copper/

aluminium) it is possible to calculate in the same way the heat-

ing absorbed/ceded from the reticular structure by means of
the Egs. (3, 4).

0, = m, X ¢ X (T" = Ty,.), 3)

m

Q =m,Xc, X(T°=T,,). (4)

With ¢, that is respectively 0.88 J/g°C for aluminium retic-
ular structure, and 0.39 J/g°C for the copper reticular structure.
Successively, it was calculated the power absorbed/ceded by
merging the contributes of the PCM filler and the reticular
structure, and dividing the contributes for the different times
of each phase (3, 6).

Q"+ 00

tot P

. &)

1 + C
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t

Moreover, considering the possible differences of length in

the 3D printed reticular structures, they were measured with

calibre and were evaluated the power expressed in terms of

unit length of each sample by dividing the, respectively, total

power during the heating/cooling phase for the length of the
samples (7, 8).

i

Py =, g
“k tot
P;m = L - (8)

3 Results

The realised resin models were analysed and measured
through a system of optical microscopy HIROX RH2000
and 3D laser scanner ZG Technology—Atlascan. The
comparison between CAD models and resin printed com-
ponents shows a difference of 0.2—0.5 mm on diameter and
axial length, whilst the differences slightly decrease for
the smallest parts, such as the thickness of the ligaments
and the diameters of the holes (0.01-0.05 mm). These
results are in accordance with tolerances generated by the
SLA process considering the influence of the laser spot
on photopolymerization. Beyond the normal optical imag-
ing, were also made tiling and multi-focus measurements
with rotating angular optics. The data were successively
elaborated through the microscopy software HIROX and
shown in Fig. 7 and Table 2.

In Table 3 were reported the weights of the as-built
samples realised and every PCM filler typology analysed,
to calculate subsequently the heat absorbed and transmit-
ted during the testing phase. From the table, it can be
observed that all the weight of each metallic structure
realised differs by less than 2% from the ones calculated
numerically via CAD by knowing the volume and the
density of the materials. The weight of the PCM in each
reticular structure was calculated by subtracting the weight
of the as-built sample and the aluminium base from the
filled structures.

Microscopical observation of the filled samples showed
in Fig. 8, underlines that PCM coexists without discards
with the metal matrix. This coexistence is an extremely
favourable feature in the management of thermal energy.
The filler evens the heat distribution both in the heating
and cooling phases.

Afterwards, the results of the thermographies are
summed up. Each thermography was made by consider-
ing each combination of metal and PCM filler, in order to
compare which one has a better thermal behaviour. Once
the 48 thermographies were done, for each one were evalu-
ated the seven core points of interest discussed in the pre-
vious chapter, to obtain the mean temperature histories
during the testing phase. The temperature histories were
plotted by considering the mean values of the cursors ana-
lysed during a single test, and the mean value between
the three repetition tests with the three different cursor
configurations. In this way, the results are less affected by
the variability of the testing conditions. The eight mean
temperature histories result of every tested condition were
plotted, in Fig. 9 is shown different temperature histories
by fixing the reticular structure and by changing the filler,
whilst in Fig. 10 is fixed the filler used and changed the
external compound structure. From the plots, it can be
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& cilindro 1

Nom Mis  Dev Test
Dia 54,000 53,437 0,563

Fig.7 Microscopical measurements on @ 6.4 resin model realised

Table 2 Microscopical measurements of all 3D printed resin samples

Axial length [mm)] Cylinder diameter [mm]  Cylinder thickness [mm] Hole diameter [mm] Thickness of the liga-
ments [mm]

Measured Nominal Measured Nominal Measured Nominal Measured Nominal Measured Nominal

Al @32 39.78 40 53.84 54 2.02 2 5.38 54 1.02 1
Al 06.4 39.45 40 53.44 54 2.06 2 5.38 54 1.03 1
Cu 3.2 39.72 40 53.71 54 1.99 2 5.36 5.4 1.03 1
Cu@6.4  39.58 40 53.55 54 2.04 2 5.36 5.4 1.01 1

noted the different thermal behaviour of each bio-based  controller once the type K thermocouple connected in the
filler and reticular structure. In each history there is an  middle of the samples reaches the 80 °C imposed tem-
oscillating zone which happens due to the switch of the  perature. The oscillation is ended once the controller is
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Tabll.e 3 d YlVeigh}tl (I)i;};/e[ Sarg%‘g;ﬂ CAD model [g] As built Pure temp 68 [g] Cro- Cro- Crodatherm
realised through -AM an samples [g] datherm 60 datherm 74 ME29P [g]
fillers in the reticular structure
[g] [g]

Al @32 48.56 4929 54.78 54.39 53.44 23.04

Al @6.4 49.20 52.45 52.26 49.51 49.48 15.15

Cu@3.2 160.07 164.08 56.06 52.15 54.02 21.83

Cu@6.4 162.18 167.12 51.95 48.26 48.35 15.87

Fig.8 Microscopical observa-
tions of the @ 6.4 Cu sample
filled with PCM Pure Temp 68
at different magnitudes

Fig.9 Temperature histories of 100
the different PCM fillers ana-
lysed in the Al @ 6.4 sample 90

Crodatherm 60

Crodatherm 74

Crodatherm ME29P
80

Pure Temp 68
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Fig. 10 Temperature histo- 100

ries of the different reticular —AIg6.4
structures considered filled with 90 — Al (3.2
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Cu@3.2
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shut down manually after 40 min and the heating phase
is ended. The zones where the temperature is almost con-
stant, are the ones where happens the phase change of
the PCM filler. This phase is less evident for PCM filler
Crodatherm ME29P, since it has a lower latent heat of
fusion and solidification and the temperature of fusion/
solidification is near the environmental one (28.8 °C). Due
to these different proprieties, this filler is also the one that
is heated/cooled before all the others, this behaviour can
be noticed by the different slope of the temperature his-
tory and from the higher oscillation time after reaching the
max temperature (80 °C). Moreover, it can be noted that
the heating-up phase is always faster than the cooling one
for each sample, which can be explained because there is a
different mechanism of thermal exchange (conduction for
heating, natural convection for cooling). From the plots
in Fig. 9, is also evident the difference of behaviour of
each typology of PCM by fixing the external compound
structure due to their different thermal properties. At the
end of the test, can be noted that the Crodatherm 60 is
the one with the highest temperature, which means that
releases the energy accumulated during the heating phase
slowly than the others, which could be useful for applica-
tions that require a slower heat transfer. Plots in Fig. 10
show how the external reticular structure influences the
Crodatherm 74 PCM thermal behaviour. It is notable that
each structure reaches the first peak of the oscillation at
different times, in particular the Cu @ 3.2 structure it is the
fastest one on both the heating and cooling phase since it
exploits the uniform temperature distribution derived from
the geometry, which allows a higher dispersion of PCM
which is melted/cooled sooner. On the other hand, The Al
() 6.4 is the one that heats up at the imposed temperature
later than the others, this can be explained due to a non-
uniform distribution of the thermal load and the lower
thermal conductivity of the material. Besides the differ-
ences during the heating phase, the cooling behaviour for
the other structures besides Cu @ 3.2 is almost the same.

To put in evidence the aforementioned differences for
all the 16 analysed configurations, from the temperature
histories derived from thermographies, were calculated the
parameters described in the second paragraph (7). T,,,,, T,
T, 4 1.). knowing the thermal and geometrical proprie-
ties of the system (m,, mg Ay /lf, Cy Cpy Cppy Tf‘/j L) and by
means of the Egs. 1-8, were realised measurements of Pﬁ;
and P;» for each geometry, material, and PCM during the
two phases, as shown in Table 4. It is notable that the Cu @
3.2 structure is the one that leads to overall better storage of
thermal energy during the heating phase, 10% more than the
other ones if filled with the PCM Crodatherm 74, whilst the
cooling release rate is maximised for the Cu @ 6.4 sample.
This increment of the energy absorbed and released by the
copper structures can be attributed to the higher thermal
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Table 4 Pi’; and P> calculated from the results of thermographies

Reticular Cell PCM filler Pf(;[W/m] P [W/m]
structure  diameter
[mm]
Al 932 Pure temp 68 278.7707 94.489
Crodatherm 60 269.604 91.742
Crodatherm 74 253.422 92.738
Crodatherm ME29P  233.964 33.560
p64 Pure Temp 68 296.756 101.562
Crodatherm 60 311.694 96.669
Crodatherm 74 264.608 102.723
Crodatherm ME29P  223.739 45.484
Cu 932 Pure Temp 68 306.294  102.402
Crodatherm 60 313.975 96.282
Crodatherm 74 333.576 105.848
Crodatherm ME29P  243.111 45.446
p64 Pure temp 68 297.027 108.896
Crodatherm 60 293.737 97.241
Crodatherm 74 291.011 107.383
Crodatherm ME29P  288.192 49.275

conductivity of the base material, which leads to a more effi-
cient heat transfer. However, a tradeoff between the highest
thermal performance (reached with the copper structures)
and a lower cost and weight of the heat exchanger (reached
with the aluminium structures) must be considered during
the design.

To evaluate the influence of each parameter in thermal
performances an ANoVA analysis was performed. The data
showed in Table 4 were used to evaluate the differences for
both the heating and cooling phases. In Table 5 is showed
which effects are significant in terms of heating behaviour.
On linear interaction, every factor does not affect the heating
rate (P value <0.05). During the heating process the influ-
ence of the the heating system is higher then that of the
factors analysed, for this reason, none of their interactions
are significant. The R* value shows that the model explains
89.94% of the variance in the heating phase, which indicates
that the model fits the data with a little error of evaluation.
Most of the VIFs are small, which indicates that the terms
in the model are not correlated. On the contrary, the cool-
ing behaviour for thermal storage and management is very
interesting. In particular, the P value shows that on linear
interaction, every factor is significant (P value <0.05). In
particular, Pareto charts showed in Fig. 11 put in evidence
the big influence of PCM material factor compared to the
others in both heating and cooling phase, even if during the
former there is no valuable effect. Also, none of the two-
way interactions are significant. The R value shows that the
model explains 99.90% of the variance in the cooling phase,
which indicates that the model fits the data with an excellent
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Table 5 Results from ANoVA

Analysis of variance
analysis during the heating and Y

cooling phases Heating Cooling
Linear interactions F value P value F value P value
PCM 2.99 0.196 923.63 0
Cell diameter 0.10 0.771 39.17 0.008
Structural material 4.77 0.117 51.94 0.006
2-Way interactions
PCM x Cell diameter 0.29 0.835 1.29 0.421
PCM x Structural material 0.52 0.697 2.3 0.255
Cell diameter X Structural material 0.67 0.472 7.98 0.066
R-sq R-sq(adj) R-sq R-sq(adj)
Model summary 89.94% 24.71% 99.90 99.48
Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is Q_heating [W/m]; a = 0,05) (response is Q_cooling[W/m]; a = 0,05)
Term 3182 Term 318
Factor Name Factor Name
< s ceB tarater o A : cofl darate (e
[ filler material C filler material
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]
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Fig. 11 Pareto chart of the standardised effects for the heating and cooling phases

fitting. Most of the VIFs are small, which indicates that the
terms in the model are not correlated.

4 Conclusions

In this paper, compound structures filled with different
typologies of PCM were realised and thermally charac-
terised to design a modular prototype that can be used for
thermal storage. In particular, 2 aluminium AC-44300 and
2 copper alloy structures with different pore dimensions (@
3.2; @ 6.4) were produced through I-AM. The four chosen
PCMs typology were melted and integrated into the reticu-
lar structures, for a total of 16 combinations of integrated
structures.

The structures were tested and the results of each analysis
performed can be summed up as follows:

e The resin models analysed and measured through 3D
laser scanner ZG Technology — Atlascan showed dif-

ferences of 0.2-0.5 mm on diameter and axial length,
and 0.01-0.05 mm for the thickness of the ligaments
and the diameters of the holes, in accordance with the
tolerance generated with the SLA process.

The adhesion of the PCM with the metal matrix was
confirmed by the HIROX RH2000 images and is an
extremely favourable feature in the management of
thermal energy.

16 thermographies repeated 3 times were done to evalu-
ate the thermal performance of each configuration, in
order to obtain the mean temperature histories during
the testing phase. The temperature histories showed
clearly the different behaviour of the different typolo-
gies of PCMs due to the different latent heat of melting/
solidification and phase transition temperature.

From the thermographies and data from plots of tem-
perature history, were calculated Pf(j; and P;:z which
showed an increase of 10% of the thermal storage per-
formance of the copper structures with the PCM filler
Crodatherm 74 and Pure temp 68, even if the weight
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and cost of the structure are higher than the aluminium
ones.

e The ANoVA analysis showed that during the heating
process is predominant the heating system and none of
the interactions between the analysed parameters are
significant. On the contrary, the cooling behaviour for
thermal storage and management put in evidence the big
influence of PCM material factor compared to the others,
with every linear interaction significant.
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