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Abstract

Phase Change Materials (PCMs) are suitable materials to be included in Latent Thermal Energy
Storage Systems (LTESS) to enhance the storage capacity per unit of volume. In order to increase
their typical low thermal conductivity, PCMs are often loaded with high-porosity open-cell metal
foams. Several correlations have been proposed in the literature to evaluate the effective thermal
properties of the composite medium made of PCM and metal foam. However, the values of the
effective thermal conductivity (kep) predicted by the different relationships can be very different from
each other, with a consequent strong impact on the results of numerical simulations. In this work, a
critical overview of the accuracy of the most used literature correlations for the evaluation of the
effective thermal conductivity of open-cell metal-foam loaded PCMs is made: the temperature
distribution obtained through a numerical model using different correlations is compared with the
experimental values measured by testing different commercial paraffins loaded with copper or
aluminum foams, subjected to complete melting. Since no correlation proves to yield accurate results
for all the composite PCMs tested in this work, a new method for the calculation of the effective

thermal conductivity of the PCM-metal foam medium is suggested.
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Nomenclature
Abbreviations
BA Bhattacharya et al. correlation
BC Boundary Condition
Exp Experimental
HM Homogeneous-medium model
HVAC Heating, Ventilation and Air Conditioning
L Lemlich correlation
LTESS Latent Thermal Energy Storage Systems
M Modified
MA Mesalhy et al. correlation

MG Maxwell Garnett correlation



PCM
PL
PM
PPI
PR
RES
SR
TC
TESS
WA
wv
Symbols

z

Greek symbols

V" " T % ™

Superscripts

*

Phase Change Material

Power Law model
Porous-medium model

Pores Per Inch

Parallel model

Renewable Energy Sources
Series model

Thermocouple

Thermal Energy Storage Systems
Wang et al. correlation

Weaver and Viskanta correlation

Weight used in the Bhattacharya et al. correlation
Specific heat capacity at constant pressure
Convective heat transfer coefficient

Height from the polycarbonate case base
Current

Thermal conductivity

Latent heat of fusion / Characteristic length
Thermal power

Rayleigh number

Temperature

Time

Voltage

Vertical coordinate

Mass fraction function

Angle between heat flow direction and surface normal
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Dynamic viscosity
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[A]
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[s]
[V]

[m]
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Subscripts

a Ambient air
eff Effective
exp Experimental
f PCM
h Heater
Liquid phase
m Metal
max Maximum
md Middle of the phase change
min Minimum
pl Polycarbonate base
p2 Polystyrene base
pc Phase change
S Solid phase
Sim Simulated

1. Introduction

The increase of the energy demand combined with the instability of the fossil fuels price is
transforming the effort to optimize the use of Renewable Energy Sources (RES) in a mandatory
priority, as highlighted by the European Commission targets fixed to 2030 [1]. To improve the RES
use, the problem linked with their limited programmability has to be solved if one desires that the
energy production from RES matches the instantaneous energy demand during the whole year. In
order to solve this problem in RES-based HVAC systems, Thermal Energy Storage Systems (TESS)
are usually introduced to tune energy production and demand [2]. Traditional TESS are sensible
thermal energy storages consisting in water tanks that exploit the high thermal capacity of water in
liquid phase. An interesting alternative to these systems is represented by Latent Thermal Energy
Storage Systems (LTESS), where materials able to change phase within a desired temperature range
(Phase Change Materials, PCMs) are suitably added in the water tank. In this case, not only the
sensible heat accumulated in the material, but also the latent heat associated to the phase change is
available for the storage of thermal energy, allowing to increase the storage capacity per unit of

volume [2-6].



During the last decade, many research works have been devoted to the characterization of LTESS [3-

6], whose applications can be found nowadays in many fields.

Among the different types of PCMs, paraffins are interesting for the application in LTESS thanks to
a narrow temperature range of phase change, a high chemical inertness and non-toxicity [7]. On the
other hand, all PCMs, and especially paraffins, are typically characterized by a low thermal
conductivity value, which makes the heat charging and discharging times very high [8]. This reduces
drastically the LTESS performance if the slowness of the heat transfer inside the PCM is not

compatible with the characteristic times with which the stored heat must be made available to the user

[9].

Therefore, many numerical and experimental studies have been focused on solutions able to increase
the PCM thermal conductivity, such as the addition of metal inserts [10-12], nanoparticles [13-16],
graphite [17,18], carbon fibers [19], periodic 3D metal structures [20-22], fins [23-27] and high
porosity open-cell metal foams [7,9,28-34]. The latter solution has proved to be very effective in
enhancing the conductive heat transfer inside the PCM thanks to the high thermal conductivity of the
foam metal fibers [35], the high ratio of the foam surface in contact with the PCM and the foam
volume, the highly interconnected structure and the natural mixing effect of fluids caused by the

chaotic distribution of pores [9].

Due to the importance of improving PCM thermal conductivity to extend their use in LTESS, several
works have been devoted to study numerically the thermal behavior of composite PCMs. An
important direct effect linked to the increase of the “equivalent” thermal conductivity of the
composite PCM, thanks to the use of metal foams or 3D-printed periodic solid materials, is the
reduction of the charging and discharging times compared to the case of pure PCM. Alhusseny ef al.
[30] investigated the effects of loading a paraffin PCM with a copper foam in a LTESS demonstrating
a 50% reduction in the PCM charging and discharging times. A similar result has been obtained by
Chen et al. [34]; they studied numerically the heat transfer enhancement achievable by charging the
paraffin PCM of a LTESS with a copper foam, obtaining, with different foam porosities, inlet flow
rates and temperature, a 85% decrease of the PCM charging-discharging times, in comparison with
pure PCM under specific operative conditions. The effect of the foam porosity on the
charging/discharging times was investigated by Esapour et al. [7]; they studied a multi-pipe heat
exchanger, analyzing the effects of the metal foam porosity, of the number of tubes and their layout
on the performance of a LTESS. Their simulations show, in accordance with the experimental
findings of Righetti et al. [36] and Rehman ef al. [37], that charging and discharging times become

shorter with the decrease of the foam porosity. Similar effects can be obtained by replacing metal



foams with 3D-printed periodic surfaces; Qureshi ef al. [22] simulated a composite PCM made of a
paraffin wax combined with different 3D-printed periodic surfaces and proved that the heat transfer
coefficient increases and the PCM melting time can be reduced up to 30-40% compared to the case

of pure PCM.

Mhiri et al. [38] studied, by means of numerical simulations made with COMSOL Multiphysics, the
performance of a paraffin-graphite composite, embedded in a carbon foam by vacuum impregnation.
The Authors investigated the effects of different porosity values and different volume fractions on
the thermal conductivity of the composite PCM by obtaining that the addition of graphite and metal

foam improves the material thermal conductivity up to 9 times with respect to the pure PCM.

The cited numerical works use for the analysis of the thermal behavior of pure or metal-foam loaded
PCMs different approaches reviewed in [39] and [40]. In the Enthalpy method, for instance, the PCM
latent and specific heat are combined into a non-linear enthalpy term in the energy equation,
dependent on the current temperature value [41]; in the Apparent heat capacity formulation, the effect
of the latent heat is taken into account by increasing the heat capacity term in the energy equation
during the phase change [41-43]; in the Source-based method, specific heat and latent heat are

separated and the latter is considered as a heat source term in the energy equation [44].

In addition, when a PCM is coupled to a metal foam, the choice of a numerical method able to
accurately model the composite medium is needed. In this case, PCM and metal foam can be

considered in local thermal equilibrium or in local thermal non-equilibrium [45,46].

It is well known that, in presence of heat transfer, models based on the assumption of local thermal
non-equilibrium between solid and PCM generally give more accurate results [46] but this approach
requires an additional computational effort and for this reason the models based on the local thermal

equilibrium between solid and PCM are nowadays very popular and diffuse.

Under the hypothesis of local thermal equilibrium, the composite medium can be modeled by using

a Porous-medium or a Homogeneous-medium approach.

In the Porous-medium model [47], the metal foam is modeled as a static solid and only the PCM
changes phase in the composite medium. On the contrary, in the Homogeneous-medium model
[48,49], the PCM and the metal foam are substituted by a new fictitious homogeneous phase change

material, with intermediate effective properties between PCM and metal foam.

Both Porous-medium and Homogeneous-medium approaches need to associate to the medium

fictitious “effective” thermophysical properties calculated on the basis of the PCM thermal properties



as well as the metal foam properties. Special attention must be paid in the evaluation of the effective

thermal conductivity, whose value has a strong impact on the numerical results.

As an example, in COMSOL Multiphysics three different relationships are available to evaluate the
effective thermal conductivity of the combination PCM-porous medium (key) [50]: a porosity-
weighted mean between the conductivity values of metal (k,) and PCM (ky) (corresponding to
conduction in parallel); a weighted harmonic mean of kr and & (corresponding to conduction in

series); a weighted geometric mean of krand &, (power law).

Some authors implemented in their numerical simulations effective thermal conductivity values for
the composite PCMs that have been previously determined experimentally [51] using the thermal flux

meter approach or the guarded hot plate approach or the transient plane source approach [52].

A series of correlations for the prediction of the ke value for metal foams filled with fluids have been
proposed [28,53,54]. These correlations can be very useful for the evaluation of the effective thermal
properties to be implemented as inputs in numerical simulations. Most correlations take into account

the effect of the metal foam porosity on the effective thermal conductivity [35,48,49,55-58].

The available correlations for the evaluation of k.5 can be quite simple expressions (e.g. [57]) or more
complex ones (e.g. [48,49]) and can be either explicit (e.g. [35,48,49,57]) or implicit (e.g. [58]); some
correlations are derived from analytical models (e.g. [48]) and can include weight coefficients

determined experimentally (e.g. [35]).

The prediction capability of the numerous correlations available in the open literature for the
prediction of the effective thermal conductivity of the combination PCM-porous medium (kep) is
strongly variable, as testified by comparisons with experimental results. At the moment, there is not
a correlation recommended for the calculation of the effective properties of all the combinations metal
foam-PCM. As an example, Inaba and Tu [59] measured the effective thermal conductivity of a
paraffin PCM dispersed in a high density polyethylene foam at different temperature values, through
a transient hot wire method. The Authors compared their results with the values of k. estimated with
the correlation by Maxwell Garnett [55,56], by obtaining a maximum deviation of +4.0% from the
experimental results. Xiao et al. [60] measured the effective thermal conductivity of composite PCMs
made of open-cell metal foams impregnated with pure paraffin by means of a steady-state test system.
Their experimental outcomes in terms of k. values show a good agreement with the effective thermal
conductivity values estimated by the correlation of Xu et al. [61]. Hong and Herling [62] performed
experiments to investigate the effect of the surface area density of metal foams on the thermal

conductivity of metal-foam loaded PCMs. The Authors found that the k.; value estimated using the



porosity-weighted mean between the conductivity values of metal and PCM (conduction in parallel)
can lead to some deviations from the experimental data, because the same porosity value can be
obtained for metal foams with different surface area densities. The Authors evidenced the need of
correlations for ke that take into account the surface area density effect. Zhang et al. [63] modeled
the discharging cycles of a PCM coated in a spherical stainless steel shell both experimentally and
theoretically. In order to predict the ke value of the composite PCM, they tested four different
empirical correlations, detecting a 10% deviation of the different predicted values with respect to the

experimental average value.

Siddiqui and Sun [64] calculated, by means of a finite element analysis, the effective thermal
conductivity of microencapsulated phase change materials and compared their results with the
theoretical predictions of Maxwell Garnett’s model [55,56], obtaining a good agreement, dependent
on the PCM volume fraction. Di Giorgio et al. [65] developed a mathematical model, solved in
COMSOL Multiphysics, for a paraffin PCM loaded in a metal foam. They considered local thermal
non-equilibrium and employed Lemlich’s correlation [57] to evaluate the foam effective thermal
conductivity. Their numerical results show a good match with previous experimental findings from
the literature. Xu et al. [66] performed a numerical study for a composite material made of a paraffin
wax loaded with different metal foams. The Authors evaluated the effective thermal conductivity ke
of the composite PCM as a porosity-weighted mean between the conductivity values of metal and
PCM and found a good agreement between their numerical results and experimental outcomes in

terms of solid-liquid phase-change interface position.

Wu et al. [67] modeled the transport in complex porous media filled by single-phase and two-phase
fluids by means of a new fractal theoretical model. The Authors derived an analytical expression for
the effective thermal conductivity as a function of porosity, maximum pore diameter, tortuosity fractal

dimension and fractal dimension.

Bianco et al. [68] employed a mathematical model based on volume-averaged porous media
equations to evaluate the surface operation time of a finned heat sink with phase change material and
metal foam, performing a multi-objective Pareto optimization with a genetic algorithm. The Authors
considered a local thermal equilibrium approach and evaluated the stagnant thermal conductivity (that
is summed to the thermal dispersion to obtain the effective thermal conductivity) employing the
correlation by Bhattacharya et al. [35]. Venkateshwar et al. [69] derived empirical correlations to
quantify the phase-change duration in foam-loaded PCMs. In these correlations, they employed

Bhattacharya’s relationship for the calculation of k. [35].



Rehman and Ali [37] investigated experimentally the effects of the PCM fraction and foam porosity
on the thermal behavior of a paraffin PCM loaded with different metal foams. Also in this case
Bhattacharya’s correlation [35] was adopted to evaluate the composite PCM effective thermal

conductivity.

In many experimental works cited above, the measured values are compared only with the numerical
results obtained by calculating the effective thermal conductivity of the composite PCM using one
specific correlation and a general conclusion about the reliability of the most cited correlations

available in the literature is still missing.

However, a simple analysis of the values of the effective thermal conductivity of metal-foam loaded
PCMs obtained by the most cited correlations for a fixed combination PCM-metal foam evidences
how the k. values obtained selecting different relationships can be very different from each other,

with differences up to 2 orders of magnitude.

For this reason, it is not surprising that the value of k. determined with a specific correlation proves
to be accurate only for a particular composite PCM, but the same accuracy is not guaranteed when
the PCM and/or the metal and/or the foam porosity is changed. As a consequence, it is expected that
the choice of the correlation for the calculation of the thermal conductivity of a composite PCM can

be crucial for an accurate modelling of the thermal behavior of an open-cell metal-foam loaded PCM.

The aim of this work is to make a critical overview of the accuracy of the most used literature
correlations for the evaluation of the effective thermal properties of open-cell metal-foam loaded
PCMs. The temperature distribution obtained through a numerical model implemented in COMSOL
using different correlations is compared with the experimental values measured by testing different
commercial paraffins (RT35 and RT35HC) loaded in copper or aluminum foams with similar porosity

(95-96%) and different pore density (20 PPI (copper) and 10 PPI (aluminum)).

Indeed, the novelty of this work is to provide a quantitative analysis of the deviations between
numerical results and experimental data obtained by adopting the most used correlations for four
different composite PCMs (RT35 with copper foam, RT35 with aluminum foam, RT35HC with

copper foam, RT35HC with aluminum foam) subjected to complete melting.

Finally, since no correlation proves to reproduce accurately the experimental evidence, a new simple
method for the calculation of ke of metal-foam loaded PCMs is suggested, able to give accurate

results for all the combinations metal foam-PCM considered in this work.



2. Experimental set-up

A dedicated experimental set-up has been built for the analysis of metal-foam loaded PCMs. The
material to be tested is confined using a case, in the shape of a parallelepiped, made of polycarbonate
(thermal conductivity 0.22 W/(m-K), density 1200 kg/m?, specific heat capacity 1466 J/(kg-K)) with
walls 0.05 m thick and internal dimensions of 0.145x0.1x0.09 m. An electric resistance is placed on
the top of the case and is used to heat the PCM from above. A 0.06 m thick layer of polystyrene
(thermal conductivity 0.06 W/(m-K), density 30 kg/m>, specific heat capacity 1340 J/(kg-K)) is

placed on each side of the case to provide thermal insulation (Figs. 1a,b).

Fig. 1. Polycarbonate case filled with metal-foam loaded paraffin (a) and view of the external

insulation jacket in polystyrene (b).

The electric heater is fed by means of a programmable power supply (Mitek, mod. MKP3005D);
thanks to a relay controlled by an Arduino UNO® electronic board, the electrical loop can be opened
or closed using a remote control. To measure the heat power generated by Joule effect, the ammeter
and the voltmeter of the power supply are used. Five T-type thermocouples are placed at the center
of the case at equally spaced distances from the bottom (TC _1-TC_5), in order to measure the vertical
temperature distribution within the case (see Fig. 2). Two T-thermocouples (TC_hl and TC h2) are
placed close to the bottom surface of the electric heater in contact with the PCM and another one is
used to record the room temperature (TC a). Two additional T-thermocouples are placed between
the bottom surface of the polycarbonate case and the thermal insulation layer (TC p1l) and between
the table and the external bottom surface of the polystyrene layer (TC p2). In Fig. 2 a sketch with the
position of each thermocouple is shown, with the indication of the distance (z) of each thermocouple

from the bottom surface of the polycarbonate case.
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Fig. 2. Name and position of the T-thermocouples.

The T-thermocouples are connected to a 9213 DAQ acquisition module (National Instruments, US),
by means of which all the temperature measurements are managed with the help of LabVIEW in a

PC. The lay-out of the complete test rig is shown in Fig. 3.
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Fig. 3. Scheme of the experimental test rig: 1-Case; 2-Electrical heater; 3-Ammeter; 4- Voltmeter;

5-Relay; 6-Arduino UNO board; 7-T-thermocouples; 8-DAQ 9213; 9-PC; 10- Programmable power
supply.

Two different commercial paraffin phase change materials have been tested, namely RT35 and

RT35HC (Rubitherm GmbH, D). Both materials have similar thermophysical properties and melting



point, but RT35HC has a higher latent heat of fusion with respect to RT35 (+67%). In Table 1 the

main thermal properties considered in this work are shown for the selected working materials.

Table 1. RT35 and RT35HC thermal properties.

p solid p liquid . o
Melting | Latent heat of k ¢p solid phase | ¢, liquid phase
PCM . phase phase
range [°C] | fusion [kJ/kg] | [W/(m'K)] [kJ/(kg-K)] [kJ/(kg-K)]
[kg/m?] [kg/m?]
RT35 30-39 138 0.2 860 770 34 2.0
RT35HC 33-37 230 0.2 880 770 2.0 2.0

A series of experimental runs have been made by testing metal-foam loaded PCMs. As demonstrated
by many works appeared in the open literature, the presence of a metal foam is able to compensate
the low thermal conductivity typical of PCMs (in this case £ = 0.2 W/(m'K), see Table 1) and, as a
consequence, to enhance the heat transfer. For this reason, in many applications PCMs are loaded

with open-cell metal foams, either of copper or aluminum [7,9,28-34].

Samples of commercial aluminum (Recemat, NL) and copper (Porometal, China) foams with a
similar declared porosity & (i.e. ratio between the pores volume and the foam total volume, equal to
96% for aluminum and 95% for copper) have been used. The selected metal foams are characterized

by different values of pore density (10 PPI for aluminum and 20 PPI for copper).

Both values of pore density and porosity have been verified for each specimen through different
methods. The porosity of each sample has been measured by comparing the weight of the sample,
measured by using an analytical balance (RADWAG, mod. AS 220.R2), with the expected weight of
the volume filled by the solid material. The measured values of porosity confirm those declared by
the manufacturer with a maximum deviation less than 1%. The pore density of each specimen has
been verified by analyzing the topology of the surface of the metal foam samples with an automatic
procedure based on the Image Toolbox of MATLAB. From the digital image of the surface, the pore
contours are automatically individuated and the average value of the number of pores per unit of
length of each specimen is calculated [70]. The obtained PPI values are in good agreement with the

values declared by the manufacturer.

In Table 2 the main characteristics of the used open-cell metal foams are summarized.




Table 2. Summary of the main metal foams properties.

Material Pore density | Average pore | Porosity | kmetal | p metal cp metal
ateria
[PPI] dimension [mm] [%] [W/(m-'K)] | [kg/m?] | [kJ/(kg'K)]
Copper 20 1.40 95 390 8920 385
Aluminum 10 2.55 96 237 2700 897

In order to couple PCM and metal foam, first the metal foams have been cut by a micro milling
machine (Roland MDX-40) and inserted within the polycarbonate case, then the PCM in liquid phase

has been poured in the container and left to cool at ambient temperature to reach the solid phase.

In each experimental run, the metal-foam loaded PCM is heated by the electric resistance from the
top (see Figs. 1, 2 and 3), in order to avoid convection and have pure conductive heat transfer across

the material. The distance of the heater from the case bottom is 0.071 m.

The power supplied by the electric resistance is controlled and maintained constant and equal to 3.1
W. In each run, the initial temperature of the system is very close to the room temperature (15-22°C
during the test) which means that the PCM is fully solid at the beginning of each test. The
experimental run is stopped when the PCM phase transition is completed and only liquid phase is
present inside the case. The temperature measured by each thermocouple is recorded every 5 s. Each
experimental run has been performed at least three times under the same operative conditions and the

temperature measurements are compared to check the reliability of the experimental results.

In order to evaluate the accuracy of the measurements, the uncertainty associated to instruments is
reported in Table 3. The uncertainty in the evaluation of the heat power Q is estimated after Moffat
[71], starting from the uncertainty associated with the measurement of the single parameters involved
in the calculation of Q (i.e. [ and V) and results equal to +0.1 W. About the uncertainty of the T-
thermocouple, a calibration of the temperature sensors has been made in the range 15-70°C for

comparison with a secondary reference platinum resistance thermometer (Hart, mod. 5612).



Table 3. Instrumentation and typical uncertainty.

Reference (Fig. 3) Instrument Field Uncertainty
3 Ammeter 0-1TA +0.01 A

4 Voltmeter 0-30V +0.1V

7 T-thermocouple 0 -200°C +0.5 K

3. Numerical method
3.1 Modeling of composite phase change materials

The evolution of the temperature field within the polycarbonate case is studied by means of a 3D
numerical model developed in COMSOL Multiphysics, able to reproduce the results obtained during

the experimental runs. The real 3D geometry of the case is modeled as shown in Fig. 4.

Fig. 4. 3D geometry of the computational domain.

The heat equation for a pure conductive problem without internal heat generation is used in COMSOL

to reconstruct the temperature field within the working medium:

oT 2
c, —=kV°T 1
Py, (D
where (pc,) and k are the effective volumetric heat capacity and the effective thermal conductivity of

the composite medium obtained by coupling PCM and metal foam: (pc,)er and ke

For a metal-foam loaded PCM, the evaluation of the thermophysical properties which must be

introduced in Eq. (1) becomes problematic, as underlined by many authors in the literature [28,53,54].



Two numerical approaches become possible: the adoption of the Porous-medium model [47] or the
Homogeneous-medium one [48,49]. Both models take into account the metal foam porosity ¢ and

assume a complete thermal equilibrium between the fluid (PCM) and the solid (metal foam).

In the Porous-medium (PM) model, the metal foam is considered as a static solid with constant
thermal properties and only the PCM within the metal foam pores is involved in the phase change,

that is modeled according to the apparent heat capacity formulation [41-43].

In the apparent heat capacity formulation, the phase change occurs within a temperature range A7),
centered on the temperature 7,4, during which the PCM is neither solid nor liquid, but is in a
transitional state with intermediate physical properties. The PCM density pris evaluated according to

the equation:
pr=p0+p (1-0) 2)

where pjy is the density of the PCM solid phase, p; is that of the PCM liquid phase and 4 is the phase
indicator function, that is equal to 1 if the temperature is lower than 75,0 — AT,./2, decreases from 1
to 0 if the temperature is in the range Ta — ATpe/2 and Tna + ATpe/2 and is equal to O for temperature
values higher than Tys + AT),c/2.

The PCM specific heat capacity at constant pressure, ¢, is evaluated as:

- 0
CP’f = I:pscp,se_'_plcp,l (1 _9):|’0f1 +L8_? (3)

where ¢, s 1s the specific heat capacity of the PCM solid phase, ¢, is that of the PCM liquid phase, L

is the latent heat of fusion and a is the mass fraction function, defined as:

a=[p,(1-0)-p0)(2p,) “

The PCM thermal conductivity kris obtained as an averaged weight of the thermal conductivity of

the solid and liquid phase:
kf:kst9+k,(1—9) (5)

The PCM thermal properties are combined with those of the metal foam to obtain the effective thermal
properties of the composite medium according to the PM model. In particular, the effective
volumetric heat capacity, (pcy)es;, is evaluated as a porosity-weighted average of the volumetric heat

capacity of the PCM (pr cp,s) and of the metal foam (pm cpm):



(pc,),, = Pre, 6+ Pucyn (1-¢) 6)

In order to evaluate the effective thermal conductivity of the composite medium, kg, three different
relationships are proposed in COMSOL. The first one (PR relationship) evaluates ke as a porosity-
weighted mean between the conductivity values of metal (k,) and PCM (k) (see PM-PR model in
Table 4). The adoption of this relationship is justified when metal and PCM operate in parallel from
a thermal point of view and the values of k. obtained following this way represent a physical upper

bound for k..

The second relationship (SR) is a weighted harmonic mean of the thermal conductivity of metal and
PCM (see PM-SR model in Table 4). This relationship considers metal and PCM working in series

and gives key values which represent a physical lower bound for ke

Finally, the third relationship (PL) is a power-law involving the weighted geometric mean of kr and
km (see PM-PL model in Table 4). This relationship provides good results if the two values of thermal
conductivity associated to metal and PCM are similar; this is not the case for RT35 or RT35HC (k=
0.2 W/(m-K)) loaded with copper (k» = 390 W/(m-K)) or aluminum (k, = 237 W/(m-K)) foams.

Three simulations for each test have been generated by coupling the Porous-medium (PM) approach
with these three relationships (i.e. PM-PR, PM-SR, PM-PL) in order to analyze which model gives

results closer to the experimental ones.

In order to help the reader, Table 4 summarizes the equations used by each model (PM-PR, PM-SR
and PM-PL) to evaluate (pcp)epr and ke

A different approach is used by the Homogeneous-medium (HM) model, which considers the
composite material made of PCM and metal foam as a fictitious homogeneous material, with
intermediate fictitious properties. In this case, all the material is subjected to the phase change, that

is modeled according to the apparent heat capacity formulation.

In each phase, both the density p.; and the specific heat capacity cp,es of the homogeneous medium
are evaluated as porosity-weighted averages between the values of metal and PCM, so the effective

volumetric heat capacity of the composite medium, (pcp)es, is obtained as follows:
(pcp)eﬂ =|:,Of8+pm (1—8)][pr_f€+cp’m (1—5)] (7)

Different values of (pcy)e are obtained for the solid and liquid phase ((pcp)ess and (pcp)esris
respectively) due to the different values of the PCM properties pr and cp.r in the two phases. The



current value of (pc,)e is evaluated as a function of temperature according to Egs. (2-4) (where the

subscripts £, s, [ are substituted by eff, eff;s, eff,[, respectively).

Different correlations have been proposed in the literature to evaluate the effective conductivity of
the homogeneous medium. Maxwell Garnett [55,56] developed a homogenization theory (MG)
according to which the effective thermal conductivity ke can be evaluated by using the correlation

reported in Table 4 (see HM-MG model in Table 4).

Lemlich [57] proposed a simple expression for the evaluation of k. (L), valid for solid foams with
low density and with a cell structure sufficiently open that approaches a lattice (see the HM-L model

in Table 4).

Weaver and Viskanta [58] developed, through a mathematical model, an implicit relationship (W7)
to determine ke (see the equations of the HM-WV model in Table 4).

Mesalhy et al. [48] deduced a more complex analytical equation (AMA4) by assuming one dimensional

heat conduction (see the equations of the HM-MA model in Table 4).

Wang et al. [49] proposed a correlation (WA) that evaluates a value of k. which is intermediate
between the values yielded by the PR and SR relationships (kmax and knin, respectively), on the basis
of the angle f between the heat flow direction and the surface normal (see the equations of the HM-
WA model in Table 4). With the composite PCMs studied in the present paper, the angle S is nearly
zero, so the value of the effective thermal conductivity according to the WA correlation is nearly

coincident with kyax (PR).

Bhattacharya et al. [35] developed an empirical correlation (BA4) that represents a weighted mean
between the values given by the PR and SR relationships (see the equations of the HM-BA model in
Table 4). The weight 4 of the correlation has been set by the authors equal to 0.35 through best fit of
experimental data. This correlation, employed, among others, by Rehman and Ali [37] to evaluate the
effective thermal conductivity of RT35HC loaded with copper and iron-nickel foams, is valid for
foam porosities between 0.905 and 0.978 and pore densities between 5 and 40 PPI. The porosity and

pore density of the metal foams considered in the present work fall within the ranges.

With each correlation, different values of ks are obtained for the solid and liquid phase if the PCM
has different values of thermal conductivity in the solid and liquid phase (this is not the case of the
PCMs considered in this work). The current value of ke is evaluated as a function of temperature

according to Eq. (5) (where the subscripts f, s, [ are substituted by eff, eff,s, eff,l, respectively).



Six models have been generated by coupling the Homogeneous-medium (HM) approach with the six
relationships for the evaluation of ko: HM-MG, HM-L, HM-WV, HM-MA, HM-WA, HM-BA. In Table

4 the equations employed by each model to evaluate (pc,)er and ke are summarized.

A very first interesting observation is that, by using the typical properties of the commercial porous
metal foams and PCMs tested in this work, the effective thermal conductivity values obtained by

using the available correlations cited above are very different from each other.

In Table 5 the effective thermal conductivity values obtained for the composite material made by
combining PCM (both RT35 and RT35HC) and the commercial copper or aluminum foams selected
in this work are given. While some correlations (i.e. PM-SR, PM-PL, HM-WV) do not yield a
significant change in the value of k. as the metal foam changes, others (i.e. PM-PR, HM-MG, HM-
L, HM-MA, HM-WA, HM-BA) evidence a strong sensitivity to the properties of the metal foam, as
evidenced by comparing the first with the second row of Table 5. In addition, for a fixed composite
PCM, there exists a large difference between the values obtained selecting different relationships: the
value of ke varies from 0.21 to 19.69 W/(m'K) and from 0.21 to 9.67 W/(m'K) for copper and

aluminum foams, respectively (no differences between RT35 and RT35HC).

This means that it is expected that the choice of the relationship for the evaluation of kes has a
significant impact on the results of the numerical model. It appears impossible that all these

relationships can work accurately for the modelling of open-cell metal-foam loaded PCMs.

The main goal of this work is to make a benchmark of the relationships reported in Table 4 for the
calculation of ke by comparing the temperature distribution obtained numerically using these

relationships with the temperature distribution observed experimentally.



Table 4. Equations for the thermal properties of the composite PCM with the different models.

(PCp)esr ke Model
PR: k,e+k,(1-£)(8) I;AI?
P1C.s8F Py (1-2) e 1-g) PM-
PM SR: | —+—=| (9) SR
(6) kp ok,
PL: k,° +k,'(10) I;Ag-
k,(1+2&)+2k, (1-¢) HM-
MG: k, =k, . = 11
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L: kqukm—lgg(m HM-L
k 1/3
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S
MA:
{kf+7r( l_g—H‘J(km—kf)}{kf+l_g(km—kf)}
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) . 4 fi—e I—¢ MA
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(15)
-1
e l-¢ HM-
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Table 5. Effective thermal conductivity values [W/(m-K)] obtained by using different relationships
quoted in the open literature for metal-foam loaded PCMs (RT35 or RT35HC)

Foam PM-PR | PM-SR | PM-PL | HM-MG | HM-L | HM-WV | HM-MA | HM-WA | HM-BA

Copper
19.69 | 0.21 1.56 1342 | 6.50 | 0.23 7.73 19.69 7.03
(&=95%, PPI= 20)

Aluminum
9.67 0.21 1.46 6.60 3.16 0.23 3.82 9.67 3.52

(&=96%, PPI=10)

3.2 Validation of the thermal boundary conditions

First of all, a validation of the numerical model in COMSOL has been done. The temperature
distribution within the computed volume obtained numerically depends not only on the properties of
the medium (i.e. (pcp) and k) but also on the imposed thermal boundary conditions. If the goal is to
use the numerical model to reproduce the experimental results, it becomes mandatory to know what

kind of thermal boundary conditions have to be adopted by the numerical model.

In order to decouple the effect of the imposed thermal boundary conditions from that of the thermal
properties, a special experimental run has been made by filling the case with pure demineralized
water. In this case, the values of the thermal properties of the fluid ((pcy) and k) are known, so the
temperature distribution within the case depends only on the imposed thermal boundary conditions.
In addition, in this test only liquid water is involved under a pure conduction regime. Water is heated
by the electric resistance for about 9 h, then the thermal power is switched off and water is cooled
down for additional 21 h. Eq. (1) has been solved in COMSOL by considering the thermal
conductivity and volumetric heat capacity of pure water in order to validate the imposed thermal

boundary conditions by comparison with the experimental results.

The 3D computational domain has been discretized through an unstructured tetrahedral mesh with
about 300 000 elements, with minimum element size 0.4 mm and maximum one 9 mm (Fig. 5). The
mesh independence of the results has been checked observing that the maximum discrepancy in terms
of temperature values obtained by varying from 300000 to 1400000 the number of the 3D mesh

elements is about 0.2 K, less than the temperature measurement uncertainty.



Fig. 5. 3D computational mesh.

On the top and lateral surfaces of the computational domain, a third-order thermal boundary condition
is imposed by considering external natural convection with air. The room temperature recorded by
the thermocouple TC a (see Fig. 2) is implemented as time-dependent temperature of air. The
convective heat transfer coefficient / is calculated by COMSOL as a function of the Rayleigh number
by means of correlations validated for horizontal and vertical plates [72]. For the top surface of the

case, h is evaluated as:

h= %0.54Rag4 if 10° <Ra, <107

(17)
h =%0.15Ray3 if 10" <Ra, <10"

where £ is the air thermal conductivity and L is the wall characteristic length (area/perimeter). For the

lateral surfaces of the case, /4 is calculated as:



1/4
h=k106g4— 0OTRa if Ra, <10°
L . 9/16 49 L
1, [ 0492
e,
(18)
1/6
h=klogosy O8R4 L e py S 100
L 9/16
1. [ 0492k

where the characteristic length L is the wall height.

The obtained values of the convective heat transfer coefficient (/) range from 1.49 to 3.43 W/(m?-K)
by considering the geometry of the case and the air temperature range. On the bottom surface of the
domain, the time-dependent temperature measured by the thermocouple TC p2 (see Fig. 2) has been
imposed. As initial condition, the mean of the temperature values measured at the initial time by the
thermocouples inserted within the case has been adopted for the whole domain. In order to simulate
the heat supplied by the electric resistance, the time-dependent temperature TC h evaluated as the
average between the values measured by the two thermocouples next to the heater (i.e. TC _hl and
TC h2, see Fig. 2) has been imposed in correspondence of the position of the electric heater in the
computational domain. Table 6 summarizes the imposed boundary conditions adopted in the

numerical model.

Table 6. Imposed thermal boundary conditions (BC) for the numerical model.

External surface Boundary condition

Bottom surface First-order BC: imposed time-dependent temperature (TC _p2)

Lateral surfaces (x4) | Third order BC: time-dependent natural convection with air (using TC a)

Top surface Third order BC: time-dependent natural convection with air (using TC a)

Heating resistance First-order BC: imposed time-dependent temperature (TC_h)

The simulation is performed for 30 h by selecting a relative tolerance equal to 10 and an absolute
tolerance equal to 107, The time required to run the simulation is 7 min on a PC with Intel Core i7-

6700K 4.0 GHz, RAM 64 GB. The time-dependent temperature of water has been evaluated in



correspondence of the positions of the five thermocouples inserted within the case (TC_1-TC_5) and
in correspondence of the position of the thermocouple at the bottom of the polycarbonate case
(TC _pl). The results of the 3D numerical simulation are compared with the experimental outcomes

in Fig. 6.

From Fig. 6 it is evident how the findings of the numerical simulation reproduce well the experimental
behavior: the maximum deviation between numerical and experimental values, in terms of
temperature, is equal to 0.7 K, but 74% of the temperature values differ from the experimental ones
less than the thermocouple uncertainty, so that the thermal boundary conditions can be considered

validated.

45
TC_pl,exp TC_pl,sim
T[°C] " .
" = TC_lexp —TC_1,sim
40 - - = TC_3,exp —TC_3,sim

= TC 4,exp —TC 4,sim
= TC_5,exp —TC_5,sim
= TC_h,exp = TC_p2,exp
o TC_a,exp

oo
0095000 ? °°°°°°°°00000ococnooooo
°°°°°°°°°oouuoooo°°°

15
0 5 10 15 20 25 t[h] 30

Fig. 6. Temperature as a function of time, case filled with water: thermocouples within water
(TC_1-TC_5), polycarbonate base (TC pl), heater (TC h), polystyrene base (TC_p2), ambient air

(TC_a), experimental (exp) vs simulated (sim).

4. Results and discussion
4.1 Results with different numerical models

Once validated the numerical model, a series of simulations have been performed in COMSOL
Multiphysics with the aim to test different approaches for the modeling of PCMs loaded with metal
foams by comparing the capability of each approach to reproduce the experimental behavior of four

different foam-loaded PCMs: RT35 loaded with copper foam, RT35 loaded with aluminum foam,



RT35HC loaded with copper foam, RT35HC loaded with aluminum foam. The 3D model with the

same mesh and tolerance values reported in Section 3.2 has been employed.

In order to compare the results obtained with the different models to each other and to the
experimental outcomes, it is useful to plot the temperature trends for one thermocouple. Fig. 7 shows
the time-dependent temperature values in correspondence of the position of the thermocouple in the
middle of the case (TC_3, at 0.029 m from the case base, see Fig. 2), for RT35 loaded with copper
foam, obtained experimentally and numerically. In Fig. 7a the Porous-medium model has been
adopted by considering, for the evaluation of the effective thermal conductivity, correlations validated
for conduction in parallel (PM-PR), in series (PM-SR) or adopting a power law relationship (PM-PL).
From Fig. 7a it is evident how the models PM-SR and PM-PL predict a very low effective thermal
conductivity for the medium (0.21 and 1.56 W/(m-K), respectively); these low values are not able to
correctly reproduce the experimental outcomes. In both cases, the numerical values (orange and
purple lines of Fig. 7a) are significantly lower (up to 11.3 K) than those obtained by the experimental
tests (black markers in Fig. 7a). This means that PCM and metal foam do not act, from a thermal
point of view, as two materials in series. The composite material behavior cannot even be described
by a power law, since the thermal conductivity of metal is strongly higher than that of PCM. On the
other hand, the numerical results given by the PM-PR model (green dashed line in Fig. 7a) are more
similar to the experimental ones (black markers), but always larger. In addition, this model anticipates
the beginning of the pure-liquid phase, identified by the second slope change in the temperature curve.
Both effects highlight how the PM-PR model tends to overestimate the effective thermal conductivity
(in this case kep1s equal to 19.69 W/(m-K)).
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Fig. 7. Temperature of thermocouple TC 3 as a function of time, RT35 loaded with copper foam,
experimental data vs numerical results adopting: a) the Porous-medium model, b) the

Homogeneous-medium model.

Fig. 7b compares the experimental temperature values recorded by TC 3 with the numerical ones
obtained by using the Homogeneous-medium model adopting different correlations for the calculation
of ke. The HM-WV model strongly underestimates the effective thermal conductivity (ke = 0.23
W/(m-K)) and, as a consequence, strongly underestimates the temperature values with respect to the
experimental ones. The other correlations yield results more similar to the experimental ones, but

almost always lower, especially at the end of the phase change as well as in the pure liquid phase.



The differences between the results of the different models can be easily appreciated by observing
the end of the phase change zone, when the PCM is completely liquified (note that RT35 melting
range is 30-39°C). From Fig. 8 it is evident that the beginning of the pure liquid phase is a critical
region and that only the HM-WA model (orange dash and dot line, ke 19.69 W/(m-K)) is able to
reproduce the experimental curve quite well. In addition, in the pure liquid phase some differences,
up to 1.3 K, appear between the temperature values evaluated by the HM-L, HM-MA and HM-BA
models (brown dash-dot-dot, green dotted and blue solid lines, respectively and k.; from 6.50 to 7.73
W/(m-K)), whereas in the previous phases they yielded nearly coincident results. Indeed, the end of
the melting phase is a challenging region to reproduce through numerical simulations, because the
combined effects of the accuracy in the estimation of the effective thermal conductivity, latent heat

of fusion and specific heat capacity in liquid phase influence the results.
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Fig. 8. Temperature of thermocouple TC 3 as a function of time, focus on the liquid phase; RT35

loaded with copper foam, experimental vs numerical data.

Another consideration that can be derived from Fig. 8 is that using the same value of k. with different
models (Porous-medium vs Homogeneous-medium) yields different results, as can be drawn by
comparing the temperature trends of the PM-PR model (green dashed curve) with those of the HM-
WA model (orange dash and dot line): in both cases ko = 16.69 W/(m-K), but the first model

overestimates the temperature values, while the second one underestimates them for most of the time.



In order to quantify the deviations from the experimental trend, Table 7 shows the maximum
temperature differences, with respect to the experimental outcomes, obtained in correspondence of
TC 3 by each numerical model. The temperature differences are reported separately for the three
main heating zones (i.e. solid phase, phase change and liquid phase) and for the four composite PCMs.
The maximum deviations are obtained almost always in the liquid phase, where a difference from the
experimental values up to -13.8 K is reached (PM-SR and HM-WV models for RT35 loaded with
aluminum foam). An important result that can be deduced by observing Table 7 is that there is not a

numerical model that gives the best results for all the composite PCMs considered.

Indeed, the Homogeneous-medium model with the correlation by Wang et al. [49] (HM-WA model)
yields the minimum deviation from the experimental results both for RT35 and RT35HC loaded with
copper foam, but the Homogeneous-medium model with the correlation by Mesalhy et al. [48] (HM-
MA model) proves to perform better for RT35 loaded with aluminum foam, whereas the
Homogeneous-medium model either with the correlation by Mesalhy et al. [48] or by Bhattacharya et
al. [35] (HM-MA model and HM-BA model, respectively) is the best choice for RT35HC loaded with

aluminum foam.

The results presented up to now refers to the temperature values evaluated in correspondence of the
thermocouple TC 3, namely the sensor in the middle of the case, in order to make the comparison
between the results of the different numerical models easier. However, in order to have a complete
view on the accuracy of the different models, the temperature evaluated in correspondence of each
thermocouple must be taken into account, since an optimal agreement with the experimental values
in correspondence of the central sensor does not guarantee a similar behavior in correspondence of
the thermocouples at the top and/or at the bottom of the case. For this purpose, in Fig. 9 the

temperature distribution along the case height is plotted for fixed instants of time.



Table 7. Maximum absolute deviation [K] in each phase (TC _3) with the numerical models from

the literature (PM-PR — HM-BA) and with the new Modified Porous-medium model (PM-M).

Composite Model PM- PM- PM- HM- HM- HM- HM- HM- HM- PM-
PCM ode PR SR PL MG L WV  MA WA  BA M
Solid phase 0.7 -5.6 -5.0 -0.5 -0.9 -6.1 -0.8 -0.4 -0.8 0.3
RT35 + 0 N
copper Phase change 2.3 -7.4 -6.8 -1.3 -2.4 -7.8 -2.1 -0.8 2.3 1.1
Liquid phase 1.9 -11.3  -10.7 -1.3 34 -11.8 -2.8 0.3 -3.2 1.1
Solid phase 1.6 -4.9 4.4 1.3 0.6 -4.8 0.8 1.5 0.7 0.8
J'_
RT35 Phase change 3.1 -6.9 -6.5 2.1 -1.2 -6.9 0.7 2.8 -1.0 0.7
aluminum
Liquid phase 2.5 -13.8 -13.1 2.0 -14 -13.8 -0.3 2.4 -1.0 0.6
Solid phase 1.8 -4.3 -3.7 1.4 1.2 -4.7 1.2 1.5 1.2 1.4
RT3SHC + Phase change 3.2 -4.2 -3.8 -1.5 -1.7 -4.4 -1.7 -1.4 -1.7 -0.6
copper
Liquid phase 3.2 93 -8.9 -4.6 -6.1 9.6 -5.8 -4.0 -5.9 0.9
Solid phase 2.6 -4.1 -3.6 2.5 1.9 -4.0 2.1 2.6 2.0 2.0
RT35.HC * Phase change 4.1 4.2 -3.8 3.0 -0.9 4.2 0.6 3.8 -0.6 0.6
aluminum
Liquid phase 39 -13.4  -12.9 3.2 -1.8 -13.4 1.1 3.8 -0.8 1.7

In Fig. 9 the temperature values recorded by each thermocouple (black markers) are compared with
those evaluated numerically by using different ways to estimate the medium properties, in
correspondence of the most critical time instants, namely at the beginning and at the end of the phase
change (whose temperature range is highlighted in the graphs through vertical dotted lines). For each
composite PCM, the results of the Porous-medium and Homogeneous-medium models that yielded
the smallest deviations with respect to the experimental values have been plotted, i.e. PM-PR (green
dashed lines), HM-WA (orange solid lines), HM-BA (blue solid lines) and HM-MA (green solid line).
From the plots it is evident that, while in some cases the deviation in terms of temperature due to the
estimation of the medium properties is nearly constant along the case vertical axis (i.e. blue line and
black markers on the right side of the graph in Fig. 9b), in others the error is minimal for the bottom
thermocouple but gradually increases with the thermocouple distance from the bottom of the case
(i.e. orange line and black markers on the right side of the graph in Fig. 9a); in this case a temperature
difference of -0.02 K is observed in correspondence of the bottom thermocouple (TC 1) and this
difference becomes equal to -1.7 K in correspondence of the top one (TC 5). In other cases, the
deviation decreases with the thermocouple distance from the bottom (i.e. blue line and black markers
on the left side of the graph in Fig. 9b). These trends can be explained by observing the effective
thermal conductivity values associated to the medium adopting the different correlations (see Table

5); when a large effective thermal conductivity is associated to the medium, the temperature



difference between the bottom and the top thermocouple is reduced because the heat transfer across

the medium is strongly enhanced (i.e. PM-PR model) and the end of the phase change is anticipated

with respect to the experimental evidence.
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thermocouples and evaluated numerically with selected models, RT35 with copper (a), RT35 with

aluminum (b), RT35HC with copper (c), RT35HC with aluminum (d).

From Fig. 9 it is also possible to appreciate how the use of a porous metal, with consequent increase

in thermal conductivity with respect to pure PCM, enhances the heat transfer: the temperature

difference between the top and the bottom thermocouples does not exceed 4 K for all the tested

combinations PCM-metal foams, evidencing a quite uniform temperature distribution within the

material.



4.2 New simplified model

In the classical approach, in order to model numerically a metal foam-loaded PCM, the values of
thermal conductivity of porous solid medium and PCM are used together with the porosity of the

solid medium to obtain the effective thermal conductivity value.

The results shown in this paper highlight how many of the relationships found in the open literature
can bring to very large or very low values of effective thermal conductivity, not realistic by

considering the experimental evidence.

As an example, it is easy to demonstrate how the classical SR relationship is able to generate very
low values of the effective thermal conductivity if a porous media having a high porosity (&~/) is

considered. In fact,

-1
) e l-¢
=lim| —+——1 =k, (19)

-1

keff

Under the conditions of this work (&= 95% for copper and & = 96% for aluminum), the effective
thermal conductivity ke obtained by using the SR relationship remains nearly coincident with the
value of the PCM thermal conductivity (0.2 W/(m-K) for both RT35 and RT35HC), independently
of the thermal conductivity of the porous foam; this result is not confirmed by the experimental

observations.

If one uses the PL relationship (see Table 4), the weight of &, in the k. evaluation is low when high
values of the metal foam porosity are considered and, as a consequence, a change in the thermal
conductivity of the metal foam does not lead to a very different value of the effective thermal

conductivity, which is in disagreement with the experimental data.

With the aim to solve this mismatch with the experimental evidence, Bhattacharya et al. [35] proposed
to calculate the effective thermal conductivity of a PCM loaded with a metal foam by using a weighted
mean of SR and PR relationships:

ky=A[ks+k, (1—5):|+(1—A){ki+1_—8] (20)
f m

where 4 is a weight factor deduced by the experimental results. The 4 value proposed by Bhattacharya
et al. [35] 1s equal to 0.35. However, if Eq. (20) is used in presence of high porosity metal foams

(e=~1), one can observe, combining Eq. (19) with Eq. (20), that:



k= A [kfg+km (l—g)]+(l—A)kf 21)

After some algebra, in presence of a high metal foam porosity (& almost equal to 1), the expression
of Bhattacharya’s correlation for the effective thermal conductivity estimation can be written as

follows:
ky=Ak,(1-¢)+ek, (22)

In this way, Bhattacharya’s correlation is reconducted to a PR relationship in which the thermal

conductivity of the solid foam is modified through a scaling factor 4.

The simplified version (Eq. (22)) of Bhattacharya’s correlation can be used directly in COMSOL
(where the user can only select among SR, PL and PR relationships for the evaluation of the effective

thermal conductivity of a metal-foam loaded PCM).

Modified values of thermal conductivity for copper and aluminum have been implemented in the PM-

PR model: a fictitious thermal conductivity (k, = A k,) equal to 136.5 and 82.95 W/(mK) for copper

and aluminum, respectively, has been used.

The results of the proposed simplified model based on Eq.(22), called here Modified Porous-medium
model (PM-M), obtained in correspondence of the middle thermocouple for each composite medium,
are plotted in red in Fig. 10, together with the temperature trends of the most accurate PM and HM
models from the literature. It is possible to appreciate from Fig. 10 how the numerical predictions
obtained using the PM-M model show an optimal agreement with the experimental temperature
values, for all the four composite PCMs. The root mean square deviation in terms of temperature
(equal to 0.3, 0.3, 0.7 and 0.8 K for RT35 with copper, RT35 with aluminum, RT35HC with copper
and RT35HC with aluminum, respectively) is lower than that obtained from the best literature models.
In the last column of Table 7, the maximum deviations of the PM-M model results from the
experimental outcomes in the solid phase, the phase change and the liquid phase is reported for the
four composite PCMs. By comparing these values with those obtained by using the other approaches,
it is evident that the accuracy of the PM-M model is comparable to that of the most accurate existing
models, namely HM-WA for the copper-foam loaded PCMs and HM-MA for the aluminum-foam
loaded PCMs, with the advantage of using a single model able to provide accurate results for each

composite medium.

The quality of the PM-M model results is due to the combination of: 1) an accurate estimation of the
key value: the correlation by Bhattacharya ef al. [35] is a weighted mean between the values of

conduction in parallel and in series, where the weight 4 is experimentally determined; ii) a precise



numerical approach: the Porous-medium model considers a porous metal solid filled with a fluid

(PCM), where only the latter is able to change phase.

Some deviations from the experimental results (up to 2 K) can be still observed at the beginning of
the phase change of RT35HC (Fig. 10c-d). In order to eliminate these discrepancies, temperature-
dependent values of the PCM thermal properties (i.e. specific heat capacity) have to be considered
for these particular paraffine PCM.

0 5 10 15 20 25 t[h] 0 5 10 15 20 25 30 t[h]

Fig. 10. Temperature of thermocouple TC 3 as a function of time, RT35 with copper (a), RT35
with aluminum (b), RT35HC with copper (c), RT35HC with aluminum (d), experimental data vs

numerical results with selected literature models and Modified Porous-Medium model.

Fig. 11 compares the temperature values given by the PM-M model and by selected literature models,
in correspondence of each thermocouple of the case, at the two instants corresponding to the
beginning and end of the phase change. For each metal-foam loaded PCM, the PM-M model (red
curves in Fig. 11) provides temperature values quite close to the experimental ones (black markers in
Fig. 11), but in some cases consistent deviations can be still observed for the lower thermocouples,

e.g. at the end of the phase change for RT35 loaded with copper foam (see Fig. 11a), where the



discrepancy for the bottom thermocouple reaches 1.3 K. Nevertheless, even in these cases the

deviations are lower than or similar to those of the most accurate literature models (i.e. HM-WA for

copper-foam loaded PCMs (orange lines in Fig. 11a,c) and HM-MA for aluminum-foam loaded ones

(green solid lines in Fig. 11b,d).
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Fig. 11 Constant-time curves as functions of height (H) and temperature (7), recorded by the
thermocouples and evaluated numerically with selected literature models and Modified Porous-
Medium model, RT35 with copper (a), RT35 with aluminum (b), RT35HC with copper (c),

RT35HC with aluminum (d).

S. Conclusions

In this paper a critical overview of the methods proposed in the literature for the estimation of the
effective thermal properties of composite media in which PCMs are loaded with open-cell metal
foams (copper and aluminum) is shown. The numerical results obtained by adopting the most popular
correlations proposed for the estimation of the effective properties of metal-foam loaded PCMs have

been compared with a series of specific experimental data, obtained by testing commercial paraffins



(RT35 and RT35HC) loaded with copper and aluminum foams having similar porosity (95-96%) and
different pore density (10 PPI for aluminum and 20 PPI for copper).

It has been demonstrated that many of the available correlations for the estimation of the effective
thermal properties of metal-foam loaded PCMs are not able to predict correctly the experimental

results obtained by testing different combinations of PCMs and metal foams.

In particular, the available correlations associate to the metal-foam loaded PCM very different values
of the effective thermal conductivity (in this case from 0.2 to 19.7 W/(m-K)), which generate strong
differences in terms of temperature field obtained numerically. In addition, there is not a correlation
available in the literature which gives accurate results for all the PCM-metal foams combinations

tested in this work.

In order to solve this problem, in this work a new method for the calculation of the effective thermal
conductivity of the composite PCM-metal foam medium is suggested. The method, easily
implementable in COMSOL Multiphysics, is based on a simplified version of Bhattacharya’s

correlation deducted for high porosity metal foams.

It has been demonstrated how, following this method, the obtained numerical predictions are in good
agreement with the experimental results obtained by considering all the PCM-metal foam

combinations tested in this work.

The quality of the new method is due to the combination of an accurate estimation of the effective
thermal conductivity value (Bhattacharya et al. correlation [35] is a weighted mean between the
values of conduction in parallel and in series) and a precise numerical approach (the Porous-medium

model, which considers a porous metal solid filled with a fluid, where only the latter changes phase).

Last but not least, it is well known that, in presence of heat transfer, two-energy equations models in
which solid and PCM are not considered in local thermal equilibrium are generally more accurate
than models based on local thermal equilibrium (one-energy equation), like the ones described in this
paper. However, as demonstrated by the results shown in this paper, the low accuracy of the models
based on the local thermal equilibrium assumption can be strongly improved if an accurate correlation
and a precise numerical approach (the Porous-medium one) are employed, with the added advantage

of the implementation of a fast and simpler numerical model.
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