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The adoption of highly conductive nanofillers within a phase change material (PCM) matrix is considered a
promising solution to enhance the effective thermal conductivity of the resulting nanocomposite, thus possibly
increasing specific power and energy density in latent thermal energy storage plants. However, the expected
significant property enhancement of such composite materials is often unmet, with one of the key reason being
the critical and poorly studied role played by too high thermal resistances at the nanofiller-matrix interfaces
limiting the heat flux within the material. One of the contributions of this work is providing an estimate of
the value for such resistances in relevant cases for cold energy storage found to be in the range of: 3- 1077 -
3-107% [m>K/W]. Those estimates have been obtained by exploiting a synergistic study combining a numerical
analysis, based on mean-field theory calculations and finite element simulations, with experimental assessment
of the resulting properties of nanocomposite samples. In addition, we show how the numerically predicted
values of the effective thermal conductivity can be used as input data in an approximated numerical analysis
of a lab-scale shell & tube storage tank connected to a daily domestic user, adopted for the storage of sub-
ambient temperature thermal energy. This leads to a novel multi-scale analysis coupling the material effective
properties and the expected behavior at the plant level, thus allowing a preliminary computationally efficient
optimization of the storage system under analysis. Compared to computational fluid dynamics simulations, the
approximated design approach proved to predict the propagation front up to 30% accuracy.

based on sensible heat storage; however, their low thermal conduc-
tivity may imply incomplete phase transitions in storage plants and

1. Introduction

To reach the targets of the Paris Agreement on climate change,
renewable energies are expected to achieve a sixfold growth by 2050,
providing more than 60% of the global power. A two-fold growth
of the global Thermal Energy Storage (TES) capacity for cooling ap-
plications is required to comply with the expected demand in the
next decade [1]. The increasing development of technologies for the
conversion of renewable energy sources, such as solar energy, is in-
deed increasing the necessity to store and manage thermal energy
efficiently [2]. Renewable energy sources, in fact, are characterized by
their intrinsic discontinuous and intermittent nature [3]; as such, the
availability of energy storage technologies becomes crucial for their
efficient exploitation.

Among TES technologies [4-6], those based on Phase Change Ma-
terials (PCMs) currently represent one of the most promising solutions,
thanks to a sufficient technological maturity [7]. PCMs, indeed, can
provide higher energy density as compared to traditional technologies
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thus modest power densities and significantly reduced effective energy
capacities [8]. PCM composites, resulting from the dispersion of highly
conductive nano- or micro-fillers in a bulk PCM matrix, show promis-
ing potential to overcome the above limits thanks to an important
enhancement in thermal conductivity with a marginal reduction of
latent heat [9-14]. Carbon-based nanofillers such as carbon nanotubes
(CNTs) [15], carbon nanofibers (CNFs), and graphene nanoplatelets
(GNPs) are among the most frequently adopted materials, due to their
outstanding mechanical and thermal properties [16-18].

The measured effective thermal conductivity of PCM nanocompos-
ites is often below the theoretical expectations, such as that predicted
by percolation theory or effective medium theory [19,20]. One reason,
among others, for such a partial success stands in the thermal resis-
tances at the interfaces between the nanofillers and the matrix [21].
As a matter of fact, thermal resistances limit the heat flux within the
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material and cause a non-linear dependence of the effective thermal
conductivity with the content of the nanofiller [22,23]. Accurate es-
timates of the value of such resistances are particularly challenging,
due to the high complexity of the underlying phenomena. Thermal
interface resistances depend on the chemical and physical nature of
the matrix and the nanofillers, on the geometry of nanofillers and
on their dispersion within the matrix. Consequently, the preparation
procedure for the production of these nanocomposites can affect their
thermo-physical properties [24]. Most studies in the field of polymeric-
based [25,26] and PCM-based nanocomposites [27], have adopted
interfacial thermal resistance values that were previously predicted by
molecular dynamics simulations [19]. However, the latter are not
able to assess the impact of the factors that occur at scales bigger
than the nanoscopic one. To the authors knowledge, the estimate of
the interfacial thermal resistances obtained by comparing experimental
measurements and numerical simulations in nanocomposites has not
been extensively treated in literature [28], especially in the field of
PCM nanocomposites.

One of the main aims of this work is to characterize the values of
the thermal interface resistances as a function of the nanofiller content
for PCM nanocomposites, filled with different carbon-based fillers. To
this, we compare experimental measurements with finite element (FE)
simulations. In particular, we focus on PCM nanocomposites obtained
by dispersing three distinct Graphene Nano Platelets (GNPs), with dif-
ferent characteristic sizes, within a bio-based PCM [29]. FE simulations
are performed based on the implementation of the modified thermal
conductivity model proposed by Chu et al. [25], which takes into
account the role of the thermal interface resistances. Subsequently, the
thermal interface resistances values were included in Mean Field (MF)
theory calculations, thus obtaining the effective thermal conductivity as
a function of the nanofiller content in a wider nanofiller content range
than the experimentally measured one.

Finally, the effective thermal properties of the nanocomposites,
including the thermal conductivity, were used as input data for the
numerical analysis of a lab-scale application. The chosen application
consists of a shell & tube tank, connected to a daily domestic user
aimed at the storage of cooling energy. The aim of this analysis was
the development of a new fast procedure for the thermal design of
PCM-based storage systems, thus not relying on time-expensive CFD
simulations. In this context, the above analysis is based on a one-
dimensional solution to the Stefan problem [30], which was properly
modified to take into account the variation of the boundary conditions
(temperature variation of heat transfer fluid) that were experimentally
tested. The output of this analysis was to define two thresholds of
the nanofiller content: the minimum content, i.e. the content at which
complete transition is expected to occur within the tank during the
charging and discharging processes, and the optimal content (in the
spirit of a Pareto perspective), representing the best compromise be-
tween specific energy and specific power. A comparison between the
analytical approach proposed in this work and CFD simulations for
the solidification of the bulk PCM was also carried out to verify the
analytical model proposed in this work.

The outline of the paper is as follows: in Section 2, the materials
and experimental setup exploited for the thermal conductivity measure-
ments and the plant analysis are described; the theoretical framework
of the material and plant scale analysis is reported in Section 3; in Sec-
tion 4 the results of the experimental and numerical analysis for both
scales are presented and discussed; finally, in Section 5 the overview of
the work is reported and some future possible improvements proposed.

2. Materials and methods
2.1. Material analysis

The adopted bio-based PCM matrix (with commercial name
PureTemp PT15) has a nominal melting point of 15 °C [31]. Three GNPs
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Fig. 1. Sample containing the PCM and nanofillers (a) before and (b) after the mixing
process.

were used as nanofillers: GNP25 (xGnP M-25, Merck KGaA), GNP15
(xGnP M-15, Merck KGaA), and GNP5 (xGnP M-5, Merck KGaA). The
GNPs were provided as powders by the supplier. Among the fillers char-
acterized by outstanding thermal properties (as carbon nanotubes [32]
and carbon nanofibers [33]), GNPs were selected on the basis of
their easiness of dispersion during mixing processes and their two-
dimensional structure, which leads to remarkable thermal conductivity
enhancements [33,34]. Table 1 summarizes the geometrical properties
of the nanofillers and all the PCM nanocomposites experimentally
tested. Here, the Aspect Ratio (AR) is defined as the ratio between the
lateral size and the thickness of the nanofiller, while the weight content
was computed as the ratio between the weight of the additives and the
total weight of the composite.

Initially, the PCM (in liquid phase at room temperature) and the
GNPs were inserted in a sealed glass test tube of ~ 25 ml and weighted
by means of a balance (220/C/2, Radwag) with a precision of 0.1
mg. The PCM nanocomposites were prepared by mixing the filler
(GNP25, GNP15 or GNP5) and the PCM following a two-step procedure,
consistently with those reported in the literature [35-37]. First, a
preliminary mixing (10 min) was performed by a magnetic stirrer
(AG20D, OrmaEurotek). Afterward, the sample was further mixed for
20 min using an ultrasonicator (GTSONIC-GT3, OrmaEurotek) to ob-
tain a homogeneous dispersion. In Fig. 1 the sample before (a) and
after (b) the mixing process is shown. The thermal conductivity of
PCM nanocomposite in the liquid phase was first measured (at room
temperature) by pouring ~ 1 ml of sample into a mold in contact
with the thermal conductivity sensor. The measurement was performed
by a thermal conductivity analyzer (TCi, C-Therm Technologies Ltd.),
which is based on a modified transient plane source. This modified
technique presents solely a single-side interface for the measurement
of the thermal conductivity, contrarily to the double-sided interface
exploited in the traditional transient plane source [38]. In Fig. 2,
the PCM nanocomposite within the mold of the sensor is shown. The
sensor, still in contact with the nanocomposite, was then placed inside
a thermostated chamber (Tenney TPS junior, Tenney Environmental)
regulated at a fixed temperature of 5 °C. The thermal conductivity
of the PCM nanocomposite sample was secondly measured for the
solid phase. Finally, the sensor was cleaned and heated up to ambient
temperature. Meanwhile, additional GNP was added to the glass sample
(Fig. 1), thus repeating the procedure. Three samples containing PT15
and different weight content of GNP15 are represented in Fig. 3.

Table 2 summarizes the thermophysical properties of the PCM and
the nanofillers tested.
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Fig. 2. Image of the thermal conductivity sensor. The nanocomposite in the liquid
phase (black material) is inside the mold (upper part of the sensor). The cylindrical
part at the bottom is the sensor, which measures the thermal conductivity.

Table 1

Overview of the additives type, their lateral size (d), thickness (t), aspect ratio (AR), and
weight content of the thermal conductivity measurements performed. L and S indicate if
the measurements of the effective thermal conductivity of the nanocomposite in liquid
and solid phases were performed, respectively.

Filler d t AR Content Meas.
[nm] [nm] [-] [%]

GNP25 25 7 3571 0.266 L-S
0.619 L-S
1.36 L-S
3.53 L

GNP15 15 7 2142 0.132 L-S
0.533 L-S
1.11 L-S
2.92 L

GNP5 5 7 714 0.213 L-S
0.808 L-S
1.79 L-S
2.68 L

Table 2

Thermophysical properties of the materials used in this study. Values inside the brackets
refer to the liquid phase of the PCM. * The thermal conductivity in the radial direction
of the GNP is reported.

Materials

PCM GNP
@ p [kg/m3] 950 (860) 2100 [39]
5 A [W/mK] 0.247 (0.155) 3000* [35]
& L [J/kgl 182e3 -
A~ [ [J/kgK] 2250 (2560) 1200 [39]

2.2. Plant analysis

Concerning the plant analysis, Fig. 4 shows the considered plant,
which is composed of the chiller (ThermoFlex24000, Thermo Scientific),
the heat exchangers used for the experimental assessment of the user
cooling load, and the TES tank. The simulated user was a single-family
house, characterized by a surface area equal to 150 m” and an envelope
shape factor of 0.9 m~1, located in the Italian climatic zone E. The
yearly thermal energy demand and the daily thermal and electrical load
profiles for air conditioning in the warm season have been evaluated as
by Mongibello et al. [40]. In Fig. 5, the hourly averaged cooling load
profile of the considered user for a standard day is depicted.

The shell & tube tank containing the PCM (Fig. 4) was produced in
Plexiglas, with and without thermal insulation. The tank was composed
of: a tube bundle with 66 stainless steel 3/8" pipes; stainless steel
bottom (inflow) plenum; stainless steel upper (outflow) plenum with
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vent valve; transparent shell with an internal diameter equal to 500 mm
and a thickness of 5 mm. The shell & tube configuration is particularly
suitable for latent heat thermal energy storage (LHTES) for three main
reasons: (i) it allows to realize indirect cooling energy storage by
separating the heat transfer fluid and the storage material; (ii) such a
configuration allows to obtain a uniform heat transfer along the cross
sections of the tank and a relatively high total heat transfer surface;
(iii) it represents an already available commercial solution that can be
easily customized by the shell & tube heat exchanger manufacturers
themselves. Indeed, most of the applications with stand-alone LHTES
found in the specific literature adopt shell & tube tanks [41-45].

In the plant considered, therefore, for the given mass flow rate
myrp and chiller setpoint temperature T, ...» the charge and dis-
charge of LHTES depend on the PCM characteristics and heat load
of the user. If the user cooling energy load is relatively low and the
water temperature at the exit of the user T, ;, is lower than the
PCM solidification temperature T, the discharging of the storage tank
occurs. On the other hand, the storage system is charged when the user
cooling energy load is relatively high and T, ;, is higher than T,,.
Such a layout and operation strategy allows to limit the variation range
of the chiller inflow temperature (which is equal to that at the outlet
of the tank T, ,.,» by neglecting the heat losses within the pipes),
thus reducing its maximum absorbed power. Demineralized water was
adopted as heat transfer fluid within the tubes. It is worth noting that,
although the aim of the plant is cold energy storage, the terminology of
the charging and discharging phases is used according to the literature
convention, i.e. the charging phase occurs when the heat is absorbed
by the PCM.

3. Theoretical framework
3.1. Material analysis

The numerical model developed to compute the effective thermal
conductivity of the PCM nanocomposites was based on FE simulations
and MF theory calculations, both performed by means of the Digimat
software [46].

Digimat-MF performs a semi-analytic mean-field homogenization to
compute the effective thermal conductivity of a nanocomposite as a
function of its microstructure and material properties. The software
relies on a Representative Volume Element (RVE) of the material, which
contains the geometrical information (size, orientation and position)
of the nanofillers. Digimat-MF exploits the mean-field homogenization
proposed by Mori and Tananka [47] (based on an approximation of the
Eshelby solution [48]), which models the behavior of each inclusion as
isolated within the matrix. This approximation is particularly suitable
for nanocomposites with low filler content (< 20% in volume) [46].
The orientation of each nanoinclusion is described by a versor, which
is a function of two spherical angles. In the case of RVE containing
3D-oriented nanofillers, a two-step homogenization is performed. First,
the initial RVE (I) is substituted by an equivalent RVE (II), where
the nanoinclusions with the same orientation are merged into pseudo-
grains. Each pseudo-grain has a specific orientation and a nanoinclusion
content; therefore, it is homogenized following the Mori and Tananka
model in RVE (III) [47]. Finally, the pseudo-grains are further homog-
enized by means of the Voigt model [49], obtaining an equivalent
homogenized component in RVE (IV). The procedure is schematically
shown in Fig. 6.

The FE simulations were performed by means of Digimat-FE, which
exploits an RVE similar to that of Digimat-MF. This RVE has a cubic
shape with an edge length of some pm, depending on the nanofiller
type and weight content. Upon meshing of the RVE, a heat flux between
parallel faces of the RVE is imposed. Hence, the thermal conductivity
is computed by imposing Fourier’s law ¢ = —4,VT, where ¢ is the
heat flux, 4; the thermal conductivity along the ith direction and T the
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Fig. 3. Samples of PT15 additivated with (a) 0.132%, (b) 0.533% and (c) 1.11% in weight content of GNP15. In (b) and (c), the darker portion of the material at the bottom is

due to the partial precipitation of the nanofillers.

CHILLER

TES TANK

Fig. 4. Schematic representation of the considered plant, which is composed of the TES tank, the chiller and the user (which was simulated by means of the heat exchanger). The

main figures of merit of the heat transfer fluid are also depicted: the mass flow rate sy, and the temperatures at the inlet of the tank 7, ,,, at the outlet of the tank 7,

and at the outlet of the chiller T,

chiller,out*

[\ W N

Cooling load [kWh]

=

0 10 20
Hour of day

Fig. 5. Hourly averaged thermal load profile of the user.

temperature. The overall thermal conductivity of the PCM nanocom-
posites is obtained as the average of the effective thermal conductivity
components computed in the three directions. A periodic geometry
was imposed along the three coordinates, as the RVE is expected to
represent a random portion of the composite material. An internal FE
solver, based on the CASI iterative solver type, was used for the FE
simulations [46].

ankout

1)) V)

1) III)

Fig. 6. Homogenization procedure performed by Digimat-MF to obtain a homogeneous
equivalent RVE.

First, preliminary MF theory calculations were performed to define
the impact of the Aspect Ratio (AR), i.e. the ratio between the diameter
and the thickness of nanofiller, on the effective thermal conductiv-
ity. Fig. 8 shows the obtained effective thermal conductivity of the
nanocomposite as a function of the aspect ratio. It is found that the
simulation points can be conveniently fitted imposing a logarithmic
behavior as a function of the AR. Interestingly, we notice that similar
results were obtained by experimental measurements performed by De-
paifve et al. [50] and by numerical simulations carried out by Yang
et al. [51]. This preliminary analysis allowed us to perform the FE
simulations using RVEs with nanofillers at moderate values of the AR.
The reason of this choice was the difficulty of the software in simulating
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Fig. 7. Example of the RVE exploited for the FE simulations. The white portion within
the cube represents the PCM and the red one the simulated GNPs. The specific RVE
contains 2.92% in weight content of GNP15, with a simulated AR of 25.

1.0 PP
[ ] //”’
Ig 0.8 ///
g /
y
E |
So6{ !
< :
I
1 4 : : ;
b Logarithmic fitting, R% = 0.9905
ot i ° MF simulations
L

0 200 400 600 800 1000

Aspect ratio [-]

Fig. 8. Effective thermal conductivity (4,,,) computed by MF theory calculations as a
function of nanofiller AR (blue dots). The dashed gray line is the logarithmic fitting.

nanofillers with large ARs. In fact, FE simulations of RVE containing
nanofillers with real ARs would have required a meshing complexity
beyond the possibility of the software. Consistently, the subsequent
FE simulations were performed considering GNPs at three different
reduced AR (25, 40 and 50). An example RVE is shown in Fig. 7. On the
basis of the above observation, a logarithmic extrapolation was adopted
to compute the effective thermal conductivity of the nanocomposite
with nanofillers at the desired aspect ratio. This procedure has been
previously validated against experimental measurements and literature
data [52].

Then, a synergistic approach between FE simulations and experi-
mental measurements was followed to estimate the overall value of
thermal resistances at interfaces in the nanocomposite material. To this
end, a sensitivity analysis of the numerical simulations with respect
to the thermal interface resistance value was compared with experi-
mental measurements, thus obtaining estimated values of the thermal
interface resistances as a function of nanofiller type and content. The
overall thermal interface resistance R, is considered to take into
account both the contacts between nanofillers and matrix and between
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Preliminary MF .
theory calculations | ERJIpact
Experimental
measurements I

Exponentp ¢

Thermal interface
resistances

MF with
percolation

Obtained properties <=» Sensitivity analysis

I

i

I
Effective thermal :_
conductivity

Legend: T3 Models

Fig. 9. Schematic representation of the various tools exploited and properties obtained
to estimate the effective thermal conductivity of the phase change nanocomposites.

the nanofillers themselves. When dealing with thermal interface resis-
tances, a key property to consider is the percolation threshold, i.e. the
content at which contact between nanoinclusions statistically occurs.
At a filler content below this latter value, R, is governed by contacts
between the filler and the matrix, while at a filler content above
it, contacts between the nanofillers become predominant [20,22]. At
the percolation threshold, the value of the overall thermal interface
resistance is expected to change as a function of the filler content,
leading to a variation in the slope of the thermal conductivity en-
hancement. The percolation threshold was assumed as the inverse of
the AR, as suggested by Shenogina et al. [53]. In order to include the
above interfacial phenomena in our thermal analysis, we adopted the
modified thermal conductivity model proposed by Chu et al. [25] for
nanoinclusions:

A filler

i 2R Afiner/ D+ 1’ W

_ 'lfiller (2)

= 2RyApue /11

being 4, and A, the modified thermal conductivity in the radial and
axial direction of the filler, R, the overall thermal interface resis-
tance, Ay,,, D and I the nominal thermal conductivity, the lateral
size and the thickness of the nanofiller, respectively. These modified
thermal conductivities were then employed in MF theory calculations
to perform an analysis of the thermal conductivity enhancement as
a function of the nanofiller content (0%-15% in weight content). In
these calculations, the variation of the thermal interface resistances as a
function of the filler content was taken into account by the percolation
model of Digimat-MF as

1\
dorr V=
el | AR for V> L 3)
1
}'mam’x 1- ﬁ AR

being 4,;, and 4,4y, the PCM nanocomposite and matrix thermal con-
ductivities respectively, V' the volume fraction content of the nanoinclu-
sions, and p a characteristic exponent which accounts for the variation
of the thermal interface resistance. In our case, the exponent p was
determined upon comparisons between MF theory calculations and the
experimental measurements previously computed.

In Fig. 9, a schematic representation of the various step performed
to obtain the effective thermal conductivity is reported.

3.2. Plant analysis

The PT15+GNP25 (in the range of filler weight content 0%-15%),
being the best performing nanocomposite, was envisioned to be used
in the shell & tube tank, connected to a daily domestic user and aimed
at the storage of cooling energy (Fig. 4).

The numerical analysis of the LHTES system was performed to deter-
mine if the charging and discharging processes of the PCM nanocom-
posites occurred completely for the considered application; this con-
dition, indeed, remarkably influences the PCM storage density [8].
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—— Experimental measurements
=== Filtered data
PCM Tmelt‘ing

[}
(=)

Temperature [°C]

—_
(=)

0 5 10 15 20 25
Time [hours]

Fig. 10. Daily variation of T,,, ;, experimentally measured (gray lines) and its hourly
averaged value (dashed blue lines). The temperature at the 24th hour was imposed at
8 °C to obtain the daily periodicity of the profile.

 pcC] £ HTF outlet
— HTF ’
HTF inlet £

Fig. 11. Schematic representation of the shell and tube tank. x is the direction of the
propagation front. PCC is the phase change material nanocomposite, HTF is the heat
transfer fluid within the tubes.

Therefore, the output of the analysis was the definition of two nanofiller
contents: the minimum filler content — when present —, i.e. the filler
content at which the complete solidification (or complete melting)
occurs during the discharging (charging) process, and the optimal filler
content, at which a trade-off (in the Pareto sense) between specific
energy and specific power can be found.

The input data for this analysis were T, ;, (shown in Fig. 10),
myrr (~ 0.0750 kg/s), which were measured at the inlet of the tank,
and the effective thermal properties of the PCM nanocomposite as a
function of the nanofiller content, i.e. the thermal conductivity 4, ,
the latent heat L,,,, the density p,,,, and the specific heat capacity
Chop s The values of the effective thermal conductivity of the liquid
and solid phases of the PCM+GNP25 nanocomposite were obtained
by the previously performed MF theory calculations. Contrarily, the
other effective properties were computed as weighted averages between
those of the pure PCM and of the nanofillers [54]. T,,, ;,, shown in
Fig. 10, was obtained by fixing T,;je. . to 7 °C, and by applying the
cooling load shown in Fig. 5 via the heat exchanger shown in Fig. 4.

A simplified schematic of the analyzed tank is shown in Fig. 11. In
order to determine whether a complete phase change occurs during a
daily cycle or not, an analysis of the solidification (melting) propaga-
tion front during the charging (discharging) process was carried out. It
is worth noting that, in the considered application, the solidification
process is expected to be a slower process as compared to that of
melting; therefore, it represents the most critical phenomenon. Clearly,
a proper operating condition of the storage tank is obtained if, within
the entire system, a complete phase transition can be accomplished.
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This latter condition is fulfilled if, in the configuration shown in Fig. 11,
the phase-change front s(¢) reaches half of the largest center-to-center
distance between two neighboring tubes during the available time for
the charging and discharging processes. For the sake of computational
simplicity, in this study, we describe the transient phase-change phe-
nomenon of the PCM between two contiguous tubes by means of a
one-dimensional analysis along the unique radial direction of a generic
tube, namely the x direction shown in Fig. 11.

The analysis of the propagation front for the PCM nanocomposites
was carried out considering the simplified Stefan approach: only heat
diffusion is taken into account, while convective phenomena are ne-
glected in the phase transition dynamics. Under these assumptions, an
analytical solution for a one-dimensional geometry can be obtained
[30]. Since the PCM matrix is typically a non-pure substance, the
phase transition occurs in a temperature range [30]. In our model,
T,, was considered as the mean temperature of the phase transition
range (12.5 °C), which is lower than the nominal melting temperature
reported by the datasheet of the producer (15 °C). For the solidification
process, the following boundary and initial conditions were imposed.
The PCM nanocomposite was considered at a homogeneous tempera-
ture, T}, initially greater than that of solidification. Then, at the instant
ty, the temperature at x = 0 was imposed equal to T, ;, (at the
inlet section). Successively, the latter boundary condition was changed
according to the hourly variation of the heat transfer fluid temperature,
which follows the profile of T}, ;, (see Fig. 10). Under these hypothe-
ses, the temperatures of the PCM nanocomposite in the solid 7, and
liquid 7; phases are governed by the diffusion equation [30] as follows:

PT(xn) _ 1 0T -

ol = o if 0 < x <s()
ATy _ 1 0Ty(xt) .

ol = if x > s(t)

where the subscripts s and / refer to the solid and liquid phases,
respectively. 4 is the effective thermal diffusivity, defined as « = 4/pc,,.
Energy conservation is imposed at the interface position x = s(r) for
t > 0, namely

being A, and 4, the effective thermal conductivities of the solid and
liquid phases, p the effective density (i.e. the weighted average density
between the solid and liquid phases) and L the effective specific latent
heat. At the solid-liquid interface, the continuity of the temperature
field was also imposed, namely: T,(s,7) = T;(s,t) = T,,. The position
of the interface as a function of time was computed by the Neumann
solution to the Stefan problem [30] as

s)=2-k-ya,-t, ()

where k fulfills the following equation:

4

e
v +ﬁ X T, -T, ek o km ©)
erf0) " AN @ Ty = Toanin erfek™) — Ste,’
In Eq. (6), Ste, is the Stefan number of the solid phase, defined as
Ste; = Cy(T,, = T;4u.in)/ L, Where C; is the specific heat capacity of the

PCM nanocomposite. Following the same procedure for the liquid phase
of the PCM nanocomposite, it is possible to obtain

_g2.4
v ﬁ o T, =T, e e _ kn %)
erf(k) 4 o5 Ty = Tiankin erfc(k:_l) Ste,

s =2-k-fa, -1 ®)

The adopted Stefan solution is based on a Dirichlet boundary condi-
tion for the temperature at x = 0, constant in time, which differs from
our layout in that the temperature of the heat transfer fluid varies on
an hourly basis. Therefore, an approximated procedure was adopted
to take into account the variation of the temperature of the Dirichlet
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Fig. 12. Schematic representation of a portion of two adjacent tubes of the shell &
tube tank. In the left tube, the figures of merit considered in the analytical model are
depicted.

condition at x = 0. The contribution of the ith hour to the overall
distance covered by the propagation front (s(z;)) has been obtained by
considering the layer of the material solidified (or melted) during the
previous (i — 1)-th hours. Therefore, this contribution was computed
as

t—1
s(t) = 5; = 512 = 2k; /(3600 - i) — Y (1)), 9
j=1

being s; the phase change front obtained by applying the boundary
condition of the ith hour to all the hours up to i; s,_; is the propagation
front already reached in the previous i — 1 hours. Finally, the total
propagation front of the phase transition was computed by summing up
the contributions, s(z;), at each hour. This procedure is schematically
shown in Fig. 12, in which, for the sake of simplicity, only the first
two hours are displayed. More in detail, the dashed lines of Fig. 12
show the three-dimensional phase transition front at the i and the (i—1)
hours. The red arrows show the computed propagation front of the i-
hours obtained by applying the boundary conditions of the i-hour to
all the hours up to i, i.e. 5;. On the other hand, the green arrows show
the propagation front obtained with the boundary conditions of the
(i — 1)-hour. Finally, s(z;) is the contribution of the i-hour to the total
propagation front.

In addition to the inlet section, the above model was employed also
at the outlet section of the tubes, where the less favorable conditions
for complete melting/freezing within the tank are expected. Due to the
heat transfer along the storage tank, we indeed expect the local Stefan
number to be lower at the outlet, as compared to the one at the inlet.
Then, at the outlet section, a slower propagation front is expected. This
concept has been schematically depicted by the conical shape of the
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Fig. 13. Thermal resistances as a function of the solidification front in the PCM
nanocomposite: convective resistance of the heat transfer fluid (dashed blue line),
conductive resistance of the wall (dashed purple line) and conductive resistance of
the PCM nanocomposite (red bars).

phase transition fronts, i.e. the green and red dashed lines in Fig. 12.
T, 4nk.oe €an be obtained by means of the e-NTU method [55,56]. At each
hour, the total thermal resistance of the heat transfer depends on the
convective resistance at the tube/fluid interface R,,,,,, the conductive
resistance of the wall R, and the hourly average conductive resis-
tance of the layer of PCM nanocomposite Rpcjs. As the computation
of the NTU coefficient depends on the total thermal resistance, and
being the latter the output of the analysis, the method was performed
iteratively, up to convergence. In the laminar region, the convective
heat transfer resistance at the fluid/tube interface was obtained as [55]

Nulgrr
hy = ————,
! 2r;

i

10)

0.0668% -Re- Pr
Nu=3.66+ s , 11
1+ 0.004(§Re - Pr)2/3

where Nu is the Nusselt number, Ay, the thermal conductivity of the
heat transfer fluid, r;, and H the internal radii and the height of the
tube, Re the Reynolds number, and Pr the Prandtl number. The analysis
of the three main thermal resistances as a function of the front position
in Fig. 13 shows that the resistance due to the layer of PCM, starting
from a thickness of a few millimeters, is the dominant one as it is at
least one order of magnitude larger than the others.

Finally, the results obtained by adopting the modified Stefan ap-
proach have been compared with CFD simulations obtained by means
of COMSOL. Here, the coupling between the laminar fluid flow of the
HTF and the heat transfer in the HTF and the PCM (modeled as a
solid) was exploited, and a two-dimensional axial-symmetric geometry
considered (a single tube, following the same layout of the Stefan
approach shown in Fig. 12). The laminar flow module was chosen
for the HTF as the Reynolds number within a single tube was equal
to 90, being the diameter equal to 16 mm, r,,, = Mgrp/Nypes =
0.01136 kg/s, and the HTF demineralized water. A mapped mesh was
developed and the adaptive mesh refinement settings of COMSOL were
used, thus resulting in 12 mesh refinements, from 52272 to 112714
elements.

4. Results and discussion
4.1. Material analysis results

Experimental thermal conductivity measurements of the three PCM
nanocomposites (PCM+GNP25, PCM+GNP15 and PCM+GNP5) were

performed both for the liquid and solid phase, with a nanofiller content
of up to 3.53% in weight content. In the liquid phase, the thermal
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conductivity measurement of the well-dispersed PCM nanocomposite
sample was done within two hours after the mechanical mixing, notic-
ing a not significant precipitation, as shown in Fig. 14. In fact, among
the three PCM nanocomposites, the maximum difference between the
outcome of the first measurement and the average value from the
twelve tested samples was 6.02%. Nevertheless, the first value of each
measurement was considered to neglect the precipitation impact on
the effective thermal conductivity. The increase in thermal conductivity
caused by the precipitation of nanofillers was due to the specific layout
of the sensor, which measures the thermal conductivity of the portion of
material close to the sensor, i.e. in the bottom part of the sample (see
Fig. 2). Therefore, due to nanofiller precipitation, the portion of the
sample in contact with the sensor has a greater local concentration of
the filler, which leads to a higher thermal conductivity detected by the
sensor. Nanofillers with a greater volume (GNP25) precipitated more
evidently, because of their higher weight, as can be identified in Fig. 14
(c). Instead, a more relevant precipitation of nanofillers was typically
observed later, especially in the medium (~ dozen hours) and long (~
several days) term. In fact, measurements with PT15+3.53% in weight
content of GNP25, PT15+2.92% of GNP15 and PT15+2.68% of GNP5
were performed a few days after the mixing process (from 1 to 3 days),
showing almost complete precipitation of the nanofiller. From this
analysis, it can be concluded that PCM nanocomposites produced solely
by mechanical mixing become unstable after a few hours. However,
for our purposes, these conditions were considered sufficient, as the
preparation of medium (or long) term-stable PCM nanocomposites goes
beyond the scope of the present work.

In Fig. 15, a comparison between the thermal conductivities of
the liquid phases of the three PCM nanocomposites is reported. It
is found that the best performing filler is the GNP25, for which the
effective thermal conductivity reaches a maximum enhancement of
54% at a nanofiller weight content of 3.53%. Such remarkable re-
sult can be possibly attributed to the high AR, as also reported by
Yang et al. [51].

The experimental measurements were compared with the FE simu-
lations to estimate the thermal interface resistance values. The com-
parison between the numerical simulation performed with different
thermal interface resistances and the experimental measurements is
shown in Fig. 16. The thermal interface resistances values vary from
3e—7 Km?/W to almost 3e—6 Km?/W for the three nanocomposites.
These values are higher than the thermal interface resistances values
reported by theoretical studies and obtained by means of molecular
dynamics simulations [19]. Molecular dynamics simulations, in fact,
take into account solely the local phonon scattering at the interfaces,
thus neglecting the imperfect contact between surfaces [24]. At the
meso- and macroscale, the latter term is the main contribution to
the overall thermal interface resistances. It is worth noting that the
adhesion between nanofillers and PCM matrix could be enhanced by

0.26
--#-- PCM+GNP5
0241 --*-- PCM+GNP15 "
--+-- PCM+GNP25
M 0.22
& 22
020 g
% o et
~ ,// ’,/’///3
0.18 If’ //‘:/”
/ ——"(,’;//
0.16{ =<7
[ ]
0 i 2 3

GNP weight content [%]

Fig. 15. Comparison of the impact of the three nanofillers on the effective thermal
conductivities of PCM samples in liquid phases as a function of different weight
contents. Dashed lines are guides for the eye.

applying a pressure to the sample, as the thermal interface resistances
depend on pressure [24].

In the samples additivated with GNP5 and GNP15, the effective
thermal conductivities experimentally measured were found to be best-
fitted by a linear regression (with a R-squared of 0.985 for GNP5
and 0.969 for GNP15), thus resulting in an almost constant thermal
interface resistance, as shown in Fig. 16. On the other hand, a re-
markable variation of the best matching thermal interface resistance
value as a function of the filler content is visible for the PCM+GNP25
sample. In fact, the addition of GNP25 caused a significant thermal
conductivity enhancement for nanofiller content up to 1% in weight.
In particular, at 0.619% of GNP25 the thermal conductivity enhance-
ment (1 = Aoss/Amarix) Was 1.23, while at 3.53% it reached 1.54.
Hence, the nanofiller content increase from 0.619 to 3.53% caused an
enhancement similar to that produced by a GNP content up to 0.619%.
This sudden variation of the impact of GNP25 could be attributed
to the contacts between nanofillers, which statistically occur at the
percolation threshold [22]. In this specific case, the further contacts
between nanofillers increased the thermal interface resistances. This
was attributed to the mixing procedures: by exploiting only mechan-
ical mixing and by not applying a pressure on the nanocomposite, a
weak adhesion between the components of the sample was obtained.
Similar increases in the thermal interface resistance were obtained
in the literature [57-59]. Contrarily, the additivation performed with
nanocomposites with a smaller lateral size (GNP5 and GNP15) produces
gradual enhancements to the continuity of the thermal path within
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Fig. 16. Comparison between the thermal interface resistances of liquid phases of (a) PT15+GNP5 (b) PT15+GNP15 and (c¢) PT15+GNP25 obtained by the synergistic approach
between the experimental measurements (gray crosses) and the finite element simulations (lines).

the material [60], thus leading to a modest variation of the thermal
interface resistances as a function of the nanofiller content.

It is worth noting that the trends of the experimental thermal
conductivity enhancements and the thermal interface resistances of
the different PCM nanocomposites seem to be in apparent contrast:
the enhancement in the thermal conductivity presented the opposite
trend to that of the thermal interface resistances value. The thermal
interface resistances of PT15+GNP15 and PT15+GNP5 are lower than
that of PT15+GNP25 (R,, = 7e-7 + 5e—6 Km?/W). However, the
enhancement due to GNP25 is greater than that generated by GNP5 and
GNP15. This phenomenon is due to the definition of thermal interface
resistance: by representing the measure of the resistance of an interface
to a thermal flux, its value is directly proportional to the contact area of
the two materials, i.e. the total surface area of the nanofiller. At a fixed
weight content, however, nanofillers with smaller AR have a lower
total surface area, thus leading to apparent lower thermal interface
resistances.

Finally, these observed overall values of the thermal interface re-
sistances were introduced in the Digimat-MF module to extrapolate
the effective thermal conductivity of different nanocomposites with
filler content up to 15% in weight. The exponent p of Eq. (3), which
defines the variation of thermal interface resistance as a function of
the nanofiller content, was obtained by best-fitting the MF theory cal-
culations with the experimental measurements. The resulting p values
obtained for the model for PCM+GNP25, PCM+GNP15 and PCM+GNP5
were 0.67, 0.86 and 0.87, respectively. These results confirm the in-
crease of the linearity trend of the effective thermal conductivity as a
function of the GNP content caused by the decrease of the nanofiller
lateral size, at least in the content range experimentally tested. A pos-
sible limitation of this approach could be attributed to the fact that, in
the MF theory calculations, the interfacial thermal resistance variation
experimentally measured (and implemented in the model through the
exponent p) was imposed also outside the nanofiller range experi-
mentally measured (> 3.53%). Therefore, considering nanofillers with
lower AR, the model is not able to predict the possible change in the
slope of the curve, as it is due to the percolation which occurs outside
the filler content experimentally measured. However, nanofillers with
lower ARs cause a gradual increase in the continuity of the thermal path
due to their reduced sizes. In such cases, therefore, the change in the
slope is expected to be more modest. Finally, this limitation is negligible
when analyzing nanofillers with noticeable AR, as percolation occurs at
a lower filler content.

4.2. Plant analysis results

During the discharging process, the phase change propagation front
of the non-additivated PCM reached 75.6% and 61.2% of the target
distance at the inlet and outlet section of the tube, respectively, leading
to a partial solidification of the material. During the charging process,
similar results were obtained, as the propagation front reached 75.2%
and 62.8% of the target distance at the inlet and outlet sections, respec-
tively. Hence, if the bulk PCM was used in the considered application,
complete phase transitions would not occur inside the shell & tube tank.

The addition of GNP25 within the PCM, as shown in Section 4.1,
thanks to its remarkable thermal conductivity enhancement, yields an
increase in the heat conduction of the material. Such an increase is
desirable to obtain faster propagation fronts during the charging and
discharging processes. Evidence of this is presented in Figs. 17 (a)
and (b), where the solidification fronts are depicted as a function
of the GNP25 content at the inlet and outlet sections, respectively.
Nevertheless, while at the inlet section the target distance was reached
for weight contents of GNP25 equal to or higher than 3.06% (black
bar in Fig. 17), at the outlet section the propagation front of the PCM
nanocomposites was always smaller than the target distance (at least
up to 15% of GNP25). A similar trend was obtained also in the melting
process. Notably, the increase in the propagation front as a function
of the GNP25 content in the outlet section is moderate, as can be
observed by comparison of Figs. 17 (a) and (b). In fact, the enhanced
heat conduction leads to a larger heat power exchanged between the
heat transfer fluid and the PCM along the length of the tube, thus
resulting in a higher temperature of the heat transfer fluid at the outlet
section. Therefore, an even more detrimental boundary condition for
the propagation front was present at the outlet section of the tank
containing the PCM nanocomposite.

A comparison between the analytical approach and CFD simulations
in the case of the solidification of the bulk PCM was carried out to
verify the model proposed in our work. The propagation of the front
at the end of the solidification process simulated by COMSOL was 14%
lower at the inlet section and 33% at the outlet section. The difference
was mainly attributed to the fact that, in the Stefan approach, the
temperature of the HTF in the radial direction is considered constant,
and a greater temperature gradient at the interface is present.

Finally, a Pareto-based analysis of the PCM+GNP25 nanocomposite
was carried out to define the optimal nanofiller content as the best
compromise between specific power and specific energy. In Figs. 18 (a)
and (b), the optimal nanofiller weight contents at the inlet and outlet
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linked to the specific power of the PCM nanocomposite.

sections that were obtained by considering the solidification process
are shown. The effective latent heat L,;, is linked to the specific
energy as it represents the amount of latent thermal energy that can
be stored within the material. On the other hand, k,,,, \/@, which
is related to the rate of the charging and discharging processes as
shown in Eq. (5), is connected to the specific power. k,,,, indicates
the average value of k (for each nanofiller content considered) over the
discharging hours, as it varies according to the boundary conditions,
i.e. the temperature of the heat transfer fluid. Among the different
criteria for finding optimum attainable points among a Pareto front,
the utopia point criterion was chosen for the definition of the optimum
nanofiller content. According to this criterion, the optimum point is the
closest one — normalized with respect to the minimum and maximum
values of the specific energy and power - to the utopia point. In our
case, the utopia point would be obtained by the increase in the specific
power without the decrease in specific energy [61]. According to this
analysis, therefore, the considered PCM nanocomposite should be used
with a GNP weight content in the range of 2.45-3.98% (the optimum
nanofiller content at the outlet and inlet sections, respectively), to

10

obtain a suitable compromise between the increase in the specific
power and the decrease in the specific energy.

5. Conclusions

In this study, a multi-scale analysis was performed to assess the
impact of nanofillers addition on the thermal behavior of a PCM matrix.
At the material scale, the two main purposes of the work were: (i)
the estimate of the interfacial thermal resistances of the three PCM
nanocomposites as a function of the nanofiller content, which was
obtained by comparing finite element simulations and experimental
measurements; (ii) the prediction of the effective thermal conductivity
of the PCM nanocomposite in a wider nanofiller content range than
that experimentally measured. At the plant scale, a new fast procedure
for the thermal design of a lab-scale shell & tube tank containing the
PCM nanocomposite was carried out to define the optimal nanofiller
contents. This analysis was performed by following an approximated
procedure based on an analytical solution to the Stefan problem. This
procedure has been also compared with CFD simulations, obtaining
acceptable discrepancies. The results of these analysis suggest that the
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addition of highly conductive nanofillers requires an optimal design
of the storage system, as it does not necessarily lead to the expected
specific energy and power enhancement. Moreover, the thermal con-
ductivity measurements that were performed in the medium term
have indicated the unavoidable precipitation of nanofillers in PCM
nanocomposites produced solely by mechanical mixing. Therefore, fur-
ther research needs to be performed to develop a storage system with
sufficiently high thermal conductivity and latent heat, which does not
suffer from precipitation at the same time. In this respect, and in per-
spective, solid-to-solid PCMs (SS-PCMs) have recently gained attention,
as they absorb and release the latent heat via phase transitions between
two solid phases (crystalline, semicrystalline, or amorphous). The ad-
dition of highly conductive nanofillers within such materials could
increase the thermal conductivity in the absence of phase segregation.
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