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Abstract. This paper reports the results of a numerical study on the thermal performance of
metal cellular structures that can be obtained by additive manufacturing (selective laser melting)
when they are impregnated with phase change material (PCM) for possible applications in
electronic cooling. Two body-centered cubic (BCC) periodic structures with cell sizes of 5 mm
and 10 mm and a porosity of 87%, made of two solid materials (aluminum alloy and copper),
and two paraffins with characteristic melting temperatures of 55 and 64 °C were considered. The
numerical simulations are carried out using the commercial code ANSYS Fluent and are based
on a previously validated purely conductive heat transfer model. The computational domains
include just small repetitive portions of the considered composite structures, thus allowing
substantial savings of computational time. Computed results show that, with both paraffins, the
copper made finer BCC structure (5 mm) yields the best thermal performances, i.e, the shortest
PCM melting time and the highest rate of thermal energy storage during transients.

1. Introduction

The ongoing green energy transition not only requires the adoption of suitable thermal energy storage
techniques when energy supply and demand do not match, but also demands a more efficient use of
energy. A phase change material (PCM) can serve the purpose in many cases, with applications ranging
from electronics and battery cooling to manufacturing of solar collectors and passive building elements,
just to mention a few. The variety of PCMs is rather broad and includes both inorganic and organic
materials. Among the latter, paraffin waxes play an important role because they exhibit some very
favorable characteristics such as a rather high latent heat, complemented with chemical stability and
non-toxicity. All this makes them particularly suitable for electronic cooling [1,2], particularly in the
cases of transient or intermittent applications [3—6]. However, paraffin waxes are also plagued by a low
thermal conductivity, which makes the melting-solidification cycles inefficient. Therefore, several
thermal conductivity enhancers like metal foams and fins have been proposed to increase the thermal
performance of PCM based thermal energy storage systems [7-9]. The use of conductive fillers (e.g.,
carbon-based nanostructures or metal oxide nanoparticles) as thermal conductivity enhancers represents
another viable solution [10].

Additive manufacturing (AM) technology can also be exploited to obtain 3D-printed metal cellular
structures that can be used as an alternative to metal foams to increase the effective thermal conductivity
of paraffin waxes. However, only few studies are available in the literature on the thermal behavior of
PCM-impregnated structures obtained by AM [11-13]. Since the possibility of having a reliable estimate
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of the performance of such composite structures is crucial for practical applications, in the attempt to
fill, at least partially, a gap of knowledge, in this paper a numerical analysis is carried out on the thermal
performance of body-centered cubic (BCC) periodic structures that can be obtained by AM (selective
laser melting). Reference is made to a porosity of 87%, two cell sizes, two paraffins waxes and two
different solid materials for the metal matrix. A simplified numerical model, previously validated
through comparison with experimental data [14], is employed for the numerical simulations of thermal
transients in the PCM-impregnated structures.

2. Statement of the problem

The periodic structures considered in this work consist of an assembly of body-centered cubic (BCC)
cells. A BCC cell can ideally be obtained as the intersection of nine spheres, eight of them with their
centers at the vertices of a cube and one with the center in the middle of the same cube. It must be
pointed out that, since the AM technology cannot deal with very thin edges, the cells that can actually
be 3D-printed are slightly modified BCC cells as that depicted in figure 1(a). The numerical analysis
was carried out with reference to two cell sizes (5 mm and 10 mm) forming a periodic structure with a
porosity of 87% and a total thickness of 20 mm, thus including two and four layers of cells, respectively.
The demonstrative samples shown in figures 1(b) and (1c¢) were fabricated by selective laser melting. In
the present study, two solid materials were assumed for the metal matrix, namely, an aluminum alloy
(AISi10Mg) and copper. Their relevant thermophysical properties are reported in table 1. In the
following, based on the cell size and the material, the structures are identified as: BCC5-Al, BCC5-Cu,
BCC10-Al, BCC10-Cu, with the obvious meaning of the acronyms.

Table 1. Thermophysical properties of solid materials.

Property AlSilOMg Cu Units
Specific heat capacity 871 381 [J kgt K
Thermal conductivity 175 387.6 [Wm?tK7]
Density 2719 8978 [kg m?3]

(b) (©

Figure 1. BCC cells: (a) schematic representation of a modified BCC cell; demonstrative samples of

3D-printed 20 mm thick BCC periodic structures with cells of main dimensions (b) D =5 mm and d =
3 mm and (¢) D =10 mm and d = 6 mm.
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Table 2. Thermophysical properties of paraffins [15].

Property RT55 RT64HC Units

Melting temperature range 51+57 63+65 [°C]

Heat storage capacity? 170 250 [k kg

Specific heat capacity 2 2 [k kgt K1

Solid density® 880 880 [kg m?]

Liquid density® 770 780 [kg m3]

Thermal conductivity 0.2 0.2 [WmtK7]

Volume expansion 14 11 [%]

* Combination of latent and sensible heat in a temperature range of 48 and 63°C for RT55, of 57 and 72°C
for RT64HC

b Evaluated at 15 °C for RT55, at 20 °C for RT64HC
¢ Evaluated at 80 °C

The thermal behavior of the PCM-impregnated metal matrices was studied with reference to two
paraffin waxes with characteristic melting temperatures of 55°C and 64°C, manufactured by Rubitherm
Technologies GmBH and identified as RT55 and RT64HC, respectively [15]. The thermophysical
properties of the paraffines are reported in table 2. To assess the thermal performance of the composite
structures in temperature intervals that included the melting temperature range of each wax, transient
numerical simulations were carried out where the initial temperature was a few degrees below the initial
melting temperature of the PCM and one of the sides was set at a temperature a few degrees higher than
the final melting temperature, while all the other sides were assumed adiabatic. Thus, initial
temperatures of 49°C and 57°C, were assumed for the RT55 and RT64HC waxes, respectively, while
the corresponding temperatures of the heated surfaces Tj.q¢ Were set at 59°C and 67°C.

3. Numerical model
Based on literature data [16] and on the results of previous experimental test [12,14], the effects of
natural convection can be considered negligible in the conditions assumed for this analysis due to the
suppression of the molten PCM motion by the metal matrix. Therefore, the numerical simulations were
carried out adopting a purely conductive heat transfer model that was implemented using the finite
volume commercial code ANSYS Fluent [17]. Consequently, it was not necessary to solve the Navier-
Stokes equation, with significant savings in the computer time required for the numerical simulations.

The nonlinear heat transfer with phase change in the composite structures consisting of the PCM-
impregnated metal matrix is governed by the Fourier equation

a(giT) — V- (kVT) 1)

where T is the temperature, ¢ is the time, p, ¢, and k are the density, specific heat capacity, and thermal
conductivity, respectively. The apparent heat capacity method was used to account for the latent heat of
phase change because it allows a more accurate description of the enthalpy-temperature relation
compared to the standard enthalpy-porosity method implemented in ANSYS Fluent, which always
assumes a linear variation of enthalpy with temperature. According to the apparent heat capacity method,
in the parts of the computational domain corresponding to the PCM an apparent specific heat ¢ =
Capp = Ohpcm/0T is assumed, where hpcy is the enthalpy per unit mass of the PCM [14,18]

(" o
hpem = Cpcm + LPCMa_T dr (2)
Tref
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Figure 2. Temperature dependence of the apparent specific heat of the considered paraffins [15].

In the previous equation, cpcps and Lpcy are the specific heat capacity and latent heat of phase change
of the PCM, respectively, f is the liquid fraction during the melting process and T is the reference
temperature. The temperature dependence of the apparent specific ¢4y, of the paraffins considered here
is show in figure 2.

The spatial periodicity of the 20 mm thick metal structures together with the boundary conditions
which only include one heated external surface, while all the other ones are adiabatic, allowed the use
of reduced computational domains corresponding to repetitive geometries that, because of the existing
symmetries, could be further reduced to the parts highlighted in orange shown in figure 3(a,b) for the
BCCS5 and BCC10 structures. In the same figure, the corresponding computational grids are also shown
together with the boundary conditions (figure 3(c,d)). Those grids were chosen based on grid
independence tests that proved that the results were nearly mesh independent when the grid size was
equal or smaller than 0.2 mm in the PCM and 0.1 mm in the metal for the BCCS5 structure and 0.25 mm
and 0.2 mm for the BCC10. The adopted grids consisted of 435012 and 341 152 tetrahedral cells for
BCCS5 and BCC10, respectively.

T=Theat

adiab.
(b) (c) (d)

Figure 3. Computational domains (in orange): (a) BCC5 and (b) BCC10; computational grids and
boundary conditions: (¢) BCC5 and (d) BCC10.



ATI Annual Congress (ATI 2022) IOP Publishing
Journal of Physics: Conference Series 2385(2022) 012024  doi:10.1088/1742-6596/2385/1/012024

90

T T T T

T
Theat,NUM

‘mid, NUM
Theatexp A
Twid.exp @

T[°q]

BCC5-Al, RT55 | BCC10-Al, RT64HC |
i . ; . : ; i g 3 e R —
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400 1600

tfs] t[s]

Figure 4. Comparisons of numerical (solid curves) and experimental (symbols) temperature-time
histories for different structures and PCMs and an applied heat flux equal to 10 kW m™ [14].

Time integration was performed using an implicit second order method. Up to 25 iterations were
required within each time step, with an absolute tolerance on the residuals set at 10°. Time step
independence tests showed that time steps between 4 s and 8 s, depending on the cell size and the paraffin
wax, were adequate to yield accurate transient numerical simulations.

The adopted numerical model had been previously validated through comparison with experimental
data obtained with reference to the same metal matrices and PCMs considered here, that however were
part of test modules with a size of 100x100 mm? that also included two 10 mm thick metal plates, a
heater, and an insulating structure [14]. The tests were carried out for three values of the heat flux on
the heated surface, namely, 10, 15, and 20 kW m™. The comparisons concerned the temperature-time
profiles on the heated surface (Ty.4¢) and on the midplane (T},;4) of the test modules as shown in the
examples reported in figure 4 for the combinations BCC5-Al and RT55, and BCC10-Al and RT64HC,
when the heat flux applied on the heated surface is 10 kW m™. In all cases, the average discrepancies
between numerical and experimental values are around 1 K with reference to both Ty eqr and Typiq. As
can be seen, the agreement between experimental and computed results is very good and is comparable
to that obtained for the other values of the applied heat flux, not reported here for brevity [14]. All this
confirms the validity of the adopted simplified numerical model, which can then be confidently used to
carry out systematic studies aimed at assessing the performance of cellular structures like the ones
considered in this work.

4. Numerical results and discussion

The experimentally validated numerical model was used to investigate the thermal performance of the
four cellular structures described in Section 2 (BCC5-Al, BCC5-Cu, BCC10-Al and BCC10-Cu)
impregnated with the two paraffins, in temperature intervals of 10 K that include their respective melting
ranges. The specified initial and heated surface temperatures were 49°C and 59°C in the test cases
involving the RT55 wax and 57°C and 67°C in those involving the RT64HC.

To give some physical insight into the phase change process in PCM-impregnated metal matrices, a
time series of temperature maps on the surfaces of the computational domains are shown as in figure 5
for the BCC5-Cu and BCC10-Cu structures and the RT64HC paraffin. It is apparent that in both cases
the melting of the PCM starts near the metal ligaments, but then it proceeds much faster in the BCC5
case because the finer metal matrix allows a more effective heat penetration into the low thermal
conductivity phase change material. In this example, at ¢t = 720 s the melting of the PCM is almost
complete in the BCC5-Cu structure, while it is still far behind in the BCC10-Cu case.
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Figure 5. Temperature color maps at different times for the BCC5-Cu and BCC10-Cu structures and
the RT64HC paraffin.
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Figure 6. Time profiles of the temperature T, in the coldest point of the adiabatic surface.
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Figure 7. Time histories of the of the instantaneous heat fluxes gy, through the heated surfaces.
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More quantitative results are reported in Figure 6, which shows the time profiles of the temperature
T, in the coldest point of the adiabatic surface opposite to the heated one for all the composite structures
considered. This kind of plots allow an accurate estimation of the time for complete melting in different
conditions and, in the present case, clearly demonstrate that with the BCC5-Cu structure the melting
process is significantly faster than with all the other structures. As already observed, this can be ascribed
to the finer cellular structure of the BCCS5, but also to the higher thermal conductivity of the copper solid
matrix.

The time histories of the of the instantaneous heat fluxes q;, through the heated surfaces are shown
in figure 7. The values of q;, are very large at the beginning of the transients, with the slope of the curves
pertaining to the BCC5-Cu being the highest. Then the heat fluxes decrease gradually to approach zero
when all the PCM is melted. For each structure, the trends of the curves obtained with the two paraffins
are similar, but, obviously, the durations of the transients are different because of the larger latent heat
of phase change of the RT64HC paraffin compared to that of the RT55.

The trends in time of the stored thermal energy H per unit area of the heated surface can be obtained
as the time integral of the corresponding values of the heat flux q; and are shown in Figure 8. The
values of the energy density E; = Hp,qy /S, Where Hp,q, 1S the maximum value of H and s is the
thickness of the structure, together with those of the periods of time 7 in which the systems actually
transfers energy and of the average power densities q,,. = E4/T during the thermal energy storage
processes are reported in table 3 for all the cases considered. As can be seen, the maximum energy stored
in each composite structure mainly depends on the properties of the paraffin waxes, since the heat
capacity of the metal matrices only have a marginal effect. However, the rates of energy accumulation
are very different for the four BCC structures considered, with the BCC5-Cu yielding the best
performance for the reasons outlined above. This aspect is of primary interest for practical applications,
particularly in cases where a PCM-impregnated structure is used for the thermal management of devices
operating intermittently.

Table 3. Energy and power densities.

Paraffin RT55 RT64HC Units

BCC 5-Al 5-Cu  10-Al 10-Cu 5-Al 5-Cu  10-Al 10-Cu

E4 107.7 108.9 1078 109.2 188.2 1895 188.3 189.7 [kJ m=3]
T 543 317 801 606 1052 627 1620 1239 [s]
Qave 1985 3435 1346 180.3 179.0 3024 116.3 153.2 [Wm3]
25 ‘ ‘ ‘ ; 4 . . . ‘ - ‘
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Figure 8. Trend in time of the stored thermal energy H per unit area of the heated surface.
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5. Conclusions

A numerical investigation was conducted concerning the thermal performance of composite structures
consisting of a PCM-impregnated cellular metal matrix, which can be obtained by additive
manufacturing technologies. The purpose of the metal matrix is to increase the effective thermal
conductivity of the phase-change material to enable the speed-up of the thermal energy storage and
release processes. Possible applications concern the thermal control of electronic components,
particularly those that operate intermittently.

Two body-centered cubic (BCC) structures with cell sizes of 5 and 10 mm and a porosity of 87%,
two metal matrix materials, namely, an aluminum alloy and copper, and two paraffins were considered.
Numerical simulations were conducted using the commercial code ANSYS Fluent and a purely
conductive heat transfer model since previous experimental results had shown that, with the structures
considered in this work, the effects of natural convection in the molten PCM are negligible. Thermal
transients were analyzed and PCM melting times were compared under the assumption that the
temperature of one of the surfaces of the solid PCM-impregnated structure was instantaneously raised
to a value higher than that of complete melting of the phase-change material.

The results of the comparisons, which concerned the PCM melting times, the instantaneous heat
fluxes at the heated surfaces and the time trends of the thermal energy stored in the structure, showed
that the best thermal performance is achievable with smaller cell sizes because they allow a more
effective heat penetration into the PCM. In addition, thermal performances are also significantly affected
by the thermal conductivities of solid materials, even when these are very high as in the present case.
Future work includes the analysis of the thermal behavior of other composite structures in an
optimization perspective.
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