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Abstract

Phase Change Materials (PCM) are promising materials for thermal energy storage systems. Since they present a
relatively low thermal conductivity, they are often embedded in an open cell a metallic foam to enhance the overall
thermal conductivity. In this paper, both experimental and numerical results on PCMs coupled with aluminum foams
under different heat fluxes, porosities, number of Pores Per Inch (PPIs) and orientation are presented. The test cell is
equipped with a Zincum Selenide window that allows to capture the whole temperature distribution by means of a IR
camera. The melting front position in time is tracked by means of a MATLAB® algorithm based on IR camera images
that are useful for a more robust tracking of melting front. Numerical simulations are performed with references to
the porous media volume-averaged approach, under the assumption of local thermal non-equilibrium between the two
phases. The most updated correlations for the porous media closing coefficients are taken from the literature. All the
experiments are compared with numerical simulations, showing a very good agreement. After showing the effects of
the different input parameters on melting front evolution, an analysis in terms of different convective heat losses to
the environment and melting temperature range is presented to appreciate how these two variables affect the melting
front position. Finally, total melting front evolution has been compared between experiments and simulations,
showing a good agreement. This has been evaluated for different conditions, showing that a decrease in the porosity
drastically reduces the melting time, while PPI has no relevant effect and small effects can be observed from

orientation.
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Nomenclature
Latin symbols

Amush
bmush
C
de
ds

volume force constant (kg/m? s)
volume force constant

specific heat capacity (J/kg K)
cell size (m)

strut size (m)

gravity acceleration (m/s?)
geometric function

heat transfer coefficient (W/m? K)
interfacial heat transfer coefficient (W/m?2K)
volumetric heat transfer coefficient (W/m? K)
thermal conductivity (W/m K)
permeability (m?)

length (m)

strut Nusselt number

pressure (Pa)

heat flux modulus (W/m?)

strut Rayleigh number

volume force term (kg/mé s)
specific surface area (1/m)

time (s)

temperature (K)

velocity vector (m/s)

Cartesian coordinates (m)

Greek symbols

a isobaric compressibility (1/K)
Yij melting fraction function

€ porosity

y) latent heat of fusion (J/kg K)
U viscosity (Pa s)

p density (kg/m?3)

Subscripts

d dispersion

eff effective

in incoming

m melting

PCM phase Change Material

Pelt  Peltier



1. Introduction

Phase change materials are widely known to be a promising class of materials for thermal energy storage [1]. Indeed,
they present the ability of storing high amounts of energy under low temperature variations under a customized
melting temperature. One of the shortcomings about PCMs is their low thermal conductivity. Many techniques like
nanoparticles, wire meshes of microencapsulation [2] have been proposed to overcome this issue. Another option is
to employ a net-like structure made up of several connected metallic ligaments in which various cells separated by
pores can be distinguished, also known as metallic foam [3]. Because of the metal high thermal conductivity, the
overall thermal conductivity of the PCM/foam can be strongly enhanced [4].

Various solutions for thermal energy storage based on PCM/foams have been proposed through the years. These
solutions were focused mainly on aspects like which are the best foam morphological characteristics to enhance heat
transfer and reduce surface temperatures and melting time. An annulus of two concentric cylinders with PCM and
high thermal conductivity foam has been numerically analyzed by Mesalhy et al. [5], showing that especially low
porosity foams can enhance heat transfer and melting rate, even if they also dump convection motions. Experiments
on different porosity and PP1 aluminum foams with PCMs have been carried out by Lafdi et al. [6], showing that
lower porosity cause lower heater temperatures, while higher porosity and lower PPls make steady-state condition to
be reached in a shorter time because of the higher convection effect. A RT58 phase change material with metal foams
heated from below have been analyzed by Zhao et al. [7], showing that thermal performances are enhanced by natural
convection and overall heat transfer rates can be enhanced of 3-10 times depending on metallic foam employed. Tian
and Zhao [8] numerically showed that PCMs heated from below have improved characteristics especially with lower
porosities and higher pore densities, even if natural convection is suppressed because of metal foam large flow
resistance. Experimental and numerical studies of a copper foam filled with paraffin in a vertical orientation and
heated from a vertical plate have been shown by Li et al. [9]. The authors found a very good agreement between
experiments and predictions, and they show that more uniform temperatures can be achieved with lower porosity to
improve conduction or with lower pore density to enhance natural convection. Besides, they also found that lower
porosities make solid/liquid interface movement to be faster. Xiao et al. [10] experimentally analyzed open-cell metal
foams coupled with pure paraffin, showing that thermal conductivity were drastically enhanced of about between
thirteen and fourty-four times than that of pure paraffin, with the former referred to 96.95% porosity and the latter
referred to 88.89% porosity. Experiments of copper foams with different PPIs coupled with PCMs heated from below
have been performed by Mancin et al. [11]. The authors concluded that foam matrix improves heat transfer capabilities
of the system because of lower surface temperatures achieved, while PPI effects have not been found to be relevant.
Yang et al. [12] performed analytical, numerical and experimental studies of fluid saturated solidification in metal
foams, concluding that full solidification time can be reduced of three times when a foam is placed in water, especially
with non-hollow ligaments. The authors report that this solution could be economically convenient because of
boundary wall temperature reduction and coefficient of performance enhancement. Microencapsulated phase change
materials in metal foams have been experimentally analyzed by Li et al. [13] by varying angles to appreciate natural
convection effects. Authors concluded that metal foam can reduce surface temperature of about 47%, with lower
porosity configuration as the best in terms of thermal performances. Di Giorgio et al. [14] numerically analyzed
aluminum foams with phase change materials, including also a new methodology to compute interfacial heat transfer
between foam and PCM An empirical correlation based on experiments performed on PCMs with foams with different
PPls, applied heat fluxes and PCM melting temperatures has been proposed by Diani and Campanale [15]. They
showed that dimensionless temperature is correlated with Fourier number multiplied with Stefan number by means
of a power law, with small deviations from experiments. Pore-scale analysis by employing a body centered cubic
geometrical model have been performed by Ferfera et al. [16], showing that lower porosity causes higher thermal
conductivity and smaller pore diameters uniform melting front and temperature inside the composite. Comprehensive



critical reviews on the argument can be also found in [17, 18]. Tauseef-ur-Rehman et al. [17] reviewed influences
of metallic foam matrixes on PCMs to appreciate thermal conductivity augmentation. From their review, they
underline that porous materials/foam can enhance heat transfer/thermal conductivity of 3-500 times, and that an effort
to analyze aspects like exergy efficiency, the effects of graphene coating or very low melting temperature PCMs, is
needed. Zhang et al. [18] reviewed both experimental and numerical studies on porous shape stabilized PCMs, with
an emphasis on metallic foams as the porous material. They underlined that there is a lack of results about middle-
high melting temperature PCMs coupled with foams, nano porous materials coupled with PCMs and appropriate
investigation of pore-scale phenomena, especially with references to mesoporous, microporous and hierarchical
porous materials.

From the state-of-art just described, even if many results about PCM coupled with foams and related advantages have
been presented in literature, many aspects have not been properly covered yet. Most of the works assume a vertical
configuration for the domain, thus heat flux is orthogonal to the gravity direction. Very few papers, both numerical
and experimental, have been proposed about the effects of natural convection when device orientation changes. This
aspect is very important since natural convection can have an important role because of liqguid PCM movement, and
this is influenced by orientation or gravity vector intensity. Filippeschi et al. [19] experimentally analyzed the role of
convection in a melting composite material consisting in a paraffin wax and aluminum foams with different
morphologies tested in a hypergravity environment. The experiments show that the hypergravity condition accelerates
the melting process: it is 12% faster ranging from 5 g to 10 g. A natural convection regime was observed in all of the
experiments and it accelerates the melting process. A critical analysis of the scaling criterion in the literature has been
qualitatively done and a modified Rayleigh number is proposed to characterize the melting process. Very recently,
Hu et al. [17] numerically analyzed phase change materials saturated in metal foams to analyze heating and contact
conditions. In particular, they investigated top, left and bottom heating, and different contact gaps. Simulations are
performed based on volume-averaged technique, and the authors conclude that heating condition can affect phase
change and thermal charging. The Contact between the foam struts and heated wall has been found to not have a
relevant effect under top heating, while in left heating it can affect melting time. Another relevant effect that have not
been properly analyzed is the method used to establish melting front position from experiments. In many studies, this
have been extrapolated from standard camera recording, as for example done in [13, 18]. However, with this method
one can just roughly establish where melting front is by observing that solid and liquid paraffin present different
colors. Besides, this method could be unreliable when paraffin is coupled with a foam, because of the presence of
metallic struts that makes confusion when melting front needs to be evaluated with a rigorous technique. Infrared
camera has been used by Zhang et al. [18] to validate their model in terms of temperature fields, which is better for
validation of numerical models, without any mention about melting front, that has been evaluated with conventional
camera. Chen et al. [19] also employed IR camera in their experiments to establish temperatures inside PCM and
foam, and from their results one can think about evaluating melting front from these measurements, even if they
perform this analysis from conventional camera. Filippeschi et al. [19] coupled a visible and IR inspections to observe
the melting process evolution over time and to evaluate melting front location. They used IR images to quantitively
detect the dynamic evolution of the melting front with a good accuracy (<2 % on the melting area).

Based on the literature survey, one can conclude that orientation effects have not been already properly investigated
in such devices. Besides, an appropriate and robust method to establish melting front position is mandatory to simulate
charge/discharge period, which gives the amount of energy stored/released in the PCM/foam device. In this
contribution, both experimental and numerical results for paraffin coupled with aluminum foams are presented for
different porosity and PPI aluminum foams, with either vertical or horizontal orientations, for a total of 12 cases. The
objective here is to analyze morphology and orientation effects, and to provide a robust method to establish melting
front based on IR images based on both experimental and numerical approaches. Experiments have been performed
under a uniform heat flux boundary condition provided by a Peltier cell. After monitoring temperature evolution with



an IR camera, melting front position is evaluated from such measurements by employing MATLAB in-house
algorithm. Numerical model is built up with references to the local thermal non-equilibrium porous media model.
After comprehensive comparisons between melting front evaluated with the new technique and numerical
simulations, simulations of other effects like orientation, phase change temperature range and convective losses will
be presented.

2. Mathematical model

The investigated PCM is a paraffin (Ph EUR, BP, NF CAS 8002-74-2) while metal foams herein investigated are
aluminum foam manufactured by ERG Aerospace. PCM thermophysical properties are resumed in Table 1 while
investigated foams present between 0.88 and 0.95 porosities and 10 to 40 PPIs. Details of the experiments will be
shown later. The experimental setup of the PCM/foam is described in detail in the experiments section afterwards,
together with foams investigated. Because it is assumed that all the walls of the PCM/foam are adiabatic except the
one that faces Peltier cell, the geometrical model for the prediction is a 2D square with a side L = 0.05 m, where the
heat flux is orthogonal to the gravity vector (vertical orientation) or parallel (horizontal orientation). The
computational investigated domain is shown in Fig. 1.
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Fig 1 — Computational domain

Governing equations are written with references to porous media theory [23] and by assuming local thermal non-
equilibrium between the two phases [24]. For each Representative Elementary Volume (REV) of the two components
(PCM and aluminum foam), mass, momentum and energy equations are written under the assumptions of
incompressible laminar flow, Boussinesq assumption and negligible microinertial effects.
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In the momentum equation, the source term is employed in order to force solution to zero when PCM becomes solid
by means of the following term

10°° Toey <T. —AT_
Towr, —(T. —AT
S ={-2M 2(& ) T, AT, <Toey <T, +AT, 5)
1 Toew 2T, +AT,
1- )
s_a 1=5) (6)
AHUSh bmush + ﬂs

The value 10 allows to avoid division by zero in the momentum equation (Eq. 2). The function 3 takes into
account melting in the ATy range, and it is smoothed in T £ ATy in order to make second derivative continuous
everywhere. The function Eq. (6) is obtained from Carman-Kozeny equation, thus the mushy zone is modeled as a
solid/liquid porous medium. In such equation, Amush is @ geometrical constant taken equal to 10* while bmusn is equal
to 10 to avoid division by zero. Negligible effects of results with higher Amush have been found in Kheirabadi and
Groulx [25]. With references to the buoyancy term reported in Eq. 2, this term is multiplied with the function g shown
in Eq. (5) in order to help numerical convergence, and also to make buoyancy significant only after melting
temperature, with interpolated values in the mushy-zone in order to take into account the simultaneous existence of
both phases.

To close the governing equations, the porous media coefficients are required. A resume of correlations here
employed is reported in Table 2. Permeability functions are taken from Calmidi [26], while a function that allows to
pass from PPIs to cell size is taken from Andreozzi et al. [27]. For the volumetric heat transfer coefficient, a correlation
for the Nusselt number is required. Foam struts can be assumed to be cylinders with a diameter equal to the strut
diameter ds, then the correlation valid for cylinders from Churchill and Chu [28] is here employed to obtain interfacial
heat transfer coefficient. It is important to remark that this volumetric heat transfer coefficient can be also defined to
couple foam with PCM even if it is in the solid phase, and here we assume that the volumetric heat transfer coefficient
is independent from the phase. A study on this has been performed by Di Giorgio et al. [14], where coupling
coefficients have been derived between solid PCM and foam. Values achieved have been shown to be not so different
from volumetric heat transfer coefficients referred to convection when PCM is in the liquid phase. For the PCM
effective thermal conductivity, stagnant thermal conductivity is considered with a parallel model (&), while thermal
dispersion is considered and modeled with the gradient-diffusion assumption with the correlation from [29]. Finally,
foam effective thermal conductivity expression is taken from lasiello et al. [30] under the assumption of isotropic
thermal conduction in foam struts.

For the boundary conditions, it is assumed that all the walls present a velocity equal to zero. For the energy
equations, except for the exposed surface we assume adiabatic surfaces everywhere, thus external convection losses
are neglected. Heat flux comes in from the left side of the domain and this is modeled with a second-kind boundary
condition. By neglecting thermal dispersions between Peltier cell and PCM/foam box, it is here assumed that heat
flux is split in the two phases (PCM and foam) in parallel, thus weighted based on porosity.
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This assumption is reliable since effective thermal conductivities of the two phases are more or less of the same
order of magnitude, thus one can assume that heat flux can be split based on porosity based on boundary condition

scaling from Hwang et al. [31].
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Table 1 — PCM and foam thermophysical properties

Property PCM Foam
Density (o, kg/m3) 850 2700
- 0.15 (liquid
Thermal conductivity (k, W/m K) 0_20((52"01)) 220
Specific heat capacity (C, J/kg K) 2490 900
Viscosity (u, Pas) 3.851110°%
Thermal expansion coefficient (¢, 1/K) 7.78(110*
Latent heat of fusion (4, ki/kg) 185
Melting temperature (Tm, °C) 57
Melting range (4Tm, °C) 1

Table 2 — Closing coefficients for Egs. (1-6)
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Finally, governing equations with the appropriate closing coefficients and boundary conditions are solved with a finite
element commercial code COMSOL Multiphysics. A mapped quadratic grid of 100x100 elements has been used,
where this value has been checked on temperatures achieved during transient simulations with higher number of
elements. Negligible differences have been found, thus 100x100 elements were sufficiently enough. Time-dependent
problem is solved with a free-time step algorithm. The PARDISO linear solver is used with a convergence criterion
of 107 for each investigated time step. Time step convergence has been checked, and a maximum time step of At =
0.1 s has been used here for time simulations.

3. Experimental setup

Experimental apparatus has been already described in previous papers [19] and it is here briefly resumed. A scheme
of the experimental test cell made up by heating/cooling system, bounding box and composite material is presented
in Fig. 2. It consists of the heating/cooling system, the composite material, and the containing box. The heating system
is made of a Peltier module (40x40x5 mm) with two sides respectively connected with an aluminum plate on which
the foam is brazed, and with an active cooling system by means of a high thermal conductive paste.
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The Peltier cell during heating can deliver 80 W. Liquid paraffin wax fills aluminum foam with roughly 95/97%
filling ratio. Sizes of PCM/foam device are 50x50x50 mm, as already mentioned in the 2D numerical model section.
The device is laced in a polycarbonate box in order to appreciate melting and solidification process by means of a
CMOS camera and with a Low Wave InfraRed (LWIR) camera FLIR ® A65. For this purpose, a Zn-Se window is
placed. Black paint is used on aluminum foam surface to maximize absorbed radiation for imaging. Finally, in order
to insulate aluminum plate from lexan box and to avoid paraffin leakage, a neoprene gasket is employed.
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mmm Heat flux sensor
ﬁ Heat flux direction

Fig. 3 - Experimental facility, global scheme, view from above.



A sketch of the system is shown in Fig. 3, including cameras, Zn-Se window and both heat flux sensor and Pt100
temperature sensor. It is evident from the figure that heat comes in the PCM/foam device from Peltier cooling unit
TEC-1000, while this is cooled with a cooling loop to guarantee heat remove from Peltier cooling unit. Heat flux
sensor present a 0.1 W/cm? maximum error, while LWIR camera is calibrated by employing Pt100 temperature
sensors. Maximum error achieved after calibration is + 0.8 °C.

To track the melting front position, IR camera results are employed. Details of the procedure can be found in
Filippeschi et al. [19] and these are briefly reported in the following. First of all, IR images have to be used instead
of greyscale images because with greyscale images there are three different color gradations that are light and dark
grey, referred to liquid and solid PCM, respectively, and a bright grey that is the foam. Because of this, greyscale
images cannot be used to establish melting front. The melting zone is established starting from temperature
measurements. After melting temperature range and zone are established from IR images, one can perform a second-
order polynomial interpolation on the melting zone to dump local temperature oscillations. The fitted curve
corresponds to the melting interface.

4. Results and comparisons

4.1 Comparisons with experiments
4.1.1 Vertical orientation

Experiments reported in Table 3 are here performed in order to appreciate porosity, PPl and orientation effects. Heat
fluxes reported are both referred to Peltier cell (geerr, 16 cm? heat transfer area) and PCM with foam (qin, 25 cm? heat
transfer area). In this contribution, both vertical and horizontal orientation are investigated, in order to appreciate
gravity direction effect. All the experiments are compared with numerical simulations to guarantee code accuracy. In
all the cases, t = tn is set as the time at which melting begins In Figs. 4-6, melting front evolution with time is presented
for both experimental and numerical approaches for experiments #2, #4 and #8, that present different PPIs.. Generally,
a good agreement has been found between the two approaches. With references to vertical orientation, in all the cases
the melting front looks to be differently shaped. The numerical simulations melting front shows a larger melted PCM
area at the top of the domain. This could be due to the internal convection motion and the boundary conditions without
any mass exchange. The melted PCM liquid is so stored in top part of the domain for vertical orientation. When foam
is included, convection motions are damped with respect to pure PCM because of the role of the solid matrix that
enhances the overall thermal conductivity, as also evident from [5, 8, 11], and the effectivity viscosity as well. In all
the experiments, slight deviation in the extremities of the melting front might be attributed to convection dispersions
to the environment and these will be discussed later. In spite of a slight melting front shape discrepancy the calculated
and measured melting area can be compared with a good accordance.

A further comparison has been done on the PPI effect on the melting front. The code is capable of catch the effect for
the PPI and the melting areas are comparable with the results coming from the experimental activity. In particular, ,
Experiments #2, #4 and #8 can be compared in terms of different PPIs (respectively, 40, 20 and 10) with all the other
input variables fixed as evident from Table 3. Another qualitative effect on the melting front shape can be discussed
here. It is possible to appreciate that with lower PPIs there is a slight enhancement of the melting zone in the top of
the domain fo the vertical orientation because of the increase of natural convection motion. Indeed, lower PPIs means
that pores are larger to allow liquid PCM movement, as already evident from [6]. This can be also evident from
permeability K equation presented in Table 2 (from Calmidi [26]), where permeability increases with cell size.



Table 3 — Experiments here performed where (H) and (V) stands for horizontal and vertical, respectively
Experiment  geer (W/ecm?)  gin (W/cm?) ¢ PPl Configuration

1 1.8 1.152 0.88 40 (H)
2 1.8 1.152 0.88 40 V)
3 1.8 1.152 0.88 20 (H)
4 1.7 1.088 0.88 20 V)
5 1.8 1.152 0.88 10 (H)
6 0.9 0.576 0.88 10 (H)
7 0.9 0.576 0.88 10 V)
8 1.7 1.088 0.88 10 (V)
9 1.5 0.960 092 10 (H)
10 1.5 0.960 092 10 V)
11 1.4 0.896 095 10 (H)
12 1.4 0.896 095 10 V)
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Fig. 4 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #2 (qpeic =
1.80 W/cm?, £=0.88, PPI = 40 and vertical (V) configuration)
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Fig. 5 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #4 (Qpeic =
1.70 W/cm?, £=0.88, PPI = 20 and vertical (V) configuration)
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Fig. 6 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #8 (qpeit =
1.70 W/cm?, £=0.88, PPI = 10 and vertical (V) configuration)
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On the other hand, porosity effect can be observed by comparing experiments #8 (Fig. 6) with #10 and #12 (Figs. 7
and 8), that are foams with different porosity and equal PPIs (0.88, 0.92 and 0.95 respectively). It is shown that higher
porosity makes melting front more curved because of lower foam thermal conductivity (see Table 2 [30]), making
conduction less important than convection.
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Fig. 7 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #10 (Qpeit =
1.50 W/cm?, £=0.92, PPI = 10 and vertical (V) configuration)
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Fig. 8 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #12 (Qpeit =
1.40 W/cm?, £=0.95, PPI = 10 and vertical (V) configuration)
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4.1.2 Horizontal orientation

With references to horizontal orientation, a even better agreement between experiments and simulations has been
found. Melting fraction function for both experimental and numerical results referred to experiments #1, #3 and #5
are presented in Figs. 9-11. Generally, with respect to the vertical orientation the numerical melting front looks more
uniform respect to the gravity orientation because of the different behavior of natural convection motions. The role
of PPI on the melting front shape shows similar results. Experiments #1, #3 and #5 show different PPIs behavior at
the same porosity. No remarkable differences can be found since there is no relevant convection, thus the problem is
mainly conductive and overall thermal conductivity is not affected by PPIs (see Table 2).
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Fig. 9 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #1 (qpeit =
1.80 W/cm?, £=0.88, PPI = 40 and horizontal (H) configuration)
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Fig. 10 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #3 (Qpeit =
1.80 W/cm?, £=0.88, PPI = 20 and horizontal (H) configuration)
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Fig. 11 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #5 (Qpeit =
1.80 W/cm?, £=0.88, PPI = 10 and horizontal (H) configuration)
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The porosity effect in case of to horizontal orientation are analyzed by comparing experiment #5 (Fig. 11) with
experiments #9 and #11 (Figs. 12 and 13), thus porosities of 0.88, 0.92 and 0.95 are compared. where results thatthe
lower the porosity the faster is the melting front due to the higher convection. The role of convection has been
numerically shown in Fig. 14 for experiment #11. Rayleigh-Benard cells are evident in this figure. This happens
because at higher porosities thermal conductivity effects becomes less important on natural convection motion.
However, is important to underline that such effects were not remarkable for experiments probably because of
convection heat losses at the boundaries or because of an inaccurate evaluation of the effective viscosity.
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Fig. 12 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #9 (Qpeit =
1.50 W/cm?, £=0.92, PPI = 10 and horizontal (H) configuration)
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Fig. 13 - Temperature and volume fraction of experiments (top) and simulations (bottom) for experiment #11 (Qpeit
= 1.40 W/cm?, £=0.95, PPI = 10 and horizontal (H) configuration)
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4.2 Velocity and temperature fields

To appreciate convection effects, velocity fields and vectors are reported in Figs. (14) and (15) for both vertical and
horizontal configurations. In all the cases, it is reminded that the velocity solution in the solid phase is forced to
approach zero because a fixed-grid method is here employed. For the vertical configuration, experiments #2 and #8
(Figs. 14a and 14c) and #8 and #12 (Figs. 14b and 14d) are compared to appreciate the PPI f PPIs and porosity effects.
Typical convection motions with a core at lower velocity is shown in all cases, while maximum velocities are achieved
in the peripheries of the liquid, especially near the solid/liquid boundary. With references to PPI effect (Figs. 14a)
and 14c)), one can remark that at lower PPIs (say, 10) velocities are slightly higher, with a slightly higher distortion
of the front caused by a more vigorous motion. As already mentioned, this happens because of reduced permeability
for lower PPIs, that makes easier for the liquid to pass through foam pores. Porosity effect highlighted in Figs. 14b
and 14d showed that at higher porosity melting front is slower because of reduced overall thermal conduction in the
solid phase. In the liquid region, one can remark that velocities achieved are slightly higher than for the other case
because of the higher permeability for the higher porosity (see permeability K equation in Table 2 [26]).

In order to appreciate differences between vertical and horizontal configurations, velocity fields are presented in Fig.
(15) for experiments #5 and #8 (Figs. 15a and 15c) and 11 and 12 (Figs. 15b and 15d). First, it is shown that for the
horizontal configuration (Figs. 15a and 15b) typical convection motion cores can be distinguished, and two zones are
created by recirculation. The higher the porosity, the slower is the melting front, but more liquid cores can be



distinguished. When the two configurations are compared, it is sown that melting front has a completely different
behavior.
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Fig. 15 - Velocities for a) experiment #5, b) experiment #8, ¢) experiment #11 and d) experiment #12, at t-t, = 840 s

Temperature evolution of both phases are now shown. A sketch of temperature maps for both PCM and foam phases
is presented in Fig. (16) for experiments #4 and #11, that present equal foam characteristics but different orientations.
In all the cases, melting front distortion caused by convection makes isothermal lines to not be orthogonal to the
applied heat flux. For the vertical orientation (Figs. 16a and 16¢), higher temperatures are achieved in the top side
because of natural convection, while for horizontal orientation (Figs. 16b and 16d) natural convection makes higher
temperatures to not be achieved in the middle of the domain (say, for y = L/2) because of typical convection motion,
already analyzed in Fig. (15).
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for experiment #11, at t-t, =480 s

Finally, with references to PCM and foam phases, it is shown that these are not equal everywhere because of LTNE
effects. The importance of such effects has been analyzed previously by Zhang et al. [18]. They showed that
temperature differences can be about 3 °C, with high differences achieved in the proximity of the mushy zone. LTNE
effects are analyzed in detail in Fig. (17). It is shown that in most of the domain PCM and foam present the same
temperature because LTE is achieved. This has been also pointed out by Feng et al. [32], while Yang et al. [12]
reported that local thermal equilibrium is reliable with Stefan numbers lower than 0.22. However, it is important to
underline that LTNE effects are important in the proximity of the applied heat flux, where such differences can reach
about 12 °C in the present case. This because of the heat flux bifurcation that happens between the two phases of the
porous domain (say, PCM and foam). In this paper, it is assumed that heat flux is split in the two phases as a purely
parallel heat transfer, weighted on porosity definition (see Egs. 7a-b). Thus, the reaction of the two materials in the
proximity of the applied heat flux is different, while in the other region they reach local thermal equilibrium because
of the interfacial convective heat transfer. Finally, it is important to remark that small local thermal non equilibrium
effects might arise in some points of the liquid regions. For example, with references to the horizontal configuration
with 10 PPI and 0.95 porosity (Fig. 17d), one can observe that temperature differences could be about 3 to 4 °C in the
core region.
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experiment #11: c) t-tn =0s and d) t-tn =480 s

4.3 Effects of melting temperature and convective external dispersion

As already reported, external dispersion due to convection might arise. As an example, experiment #7 simulations
have ben ran by assuming a convection dispersion with different heat transfer coefficients (say, h =0, 10 and 20 W/m?
K) and ambient temperatures (equal to the initial temperature) for both the top and the bottom of the domain. In
particular, thermal dispersion is referred only to the foam, while adiabatic assumption is still done for the PCM
equation. Such simulations are shown in Fig. (18). It is shown that with no dispersion (h = 0 W/m? K), even if front
position is similar the simulation gives a slight distortion of the front due to natural convection, that is not shown in
the experiments. However, is evident that the higher the heat transfer coefficient in the simulations, the more the
profile becomes distorted. For h = 20 W/m? K, profile becomes qualitatively similar to the one achieved in the
experiments, which means that heat dispersions a variable that should be considered when modeling PCM with foams.
The slightly different position of the melting front in the simulations can be attributed to the non-perfectly steady heat
flux applied, which present a slight variation with time that here we assume to be negligible.
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Another variable that is relevant is the melting temperature difference. With references to experiment #7, different
melting temperatures have been compared (from 0.5 °C to 5 °C) and presented in Fig. (20). It is shown that melting
front is qualitatively in the same position, but mushy zone extension becomes higher in all the cases.
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4.4 Total melting fractions

When PCMs are modeled, it is fundamental to evaluate total melting fraction evolution, that is the integration of the
variable g with time. Indeed, metal foam has the role of reducing total melting time. Comparisons between
experiments and numerical simulations in terms of total melting fraction evolution vs. time is shown in Fig. 20. A
good agreement between experiments and numerical simulations is shown. Negligible effects of PPIs can be found in
both vertical (Fig. 20a) and horizontal (Fig. 21c) orientations. Effect of porosity are highlighted in Figs. (20b) and
(20d) for both vertical and horizontal orientations, respectively. It is shown that higher total melting fractions can be
achieved for lower porosity because of the enhanced overall thermal conductivity. Comparisons between horizontal
and vertical configurations are shown in Fig. 21 for both PPIs (Fig. 21a) and porosity (Fig. 21b) effects. No relevant
effects of the orientation have been found, except slight differences for £ = 0.95 (Fig. 21b), that can be attributed to
the fact that for some cases natural convection can be significant for both horizontal and vertical configuration, as
previously shown in Figs. 16-17. Besides, it is noticed that for this case applied heat flux is slightly different between
£=0.88 and ¢=0.95, but conclusions here shown will be unaffected by this since lower porosity means higher total
melting fraction (see Fig. 21b) as already shown in the literature survey (see for instance [5, 12]), thus in this figure
the scope is to compare different orientation effects.
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5. Conclusions

In this paper, both experimental and numerical results on phase change material coupled with aluminum foams have
been presented for different gravity orientation, heat fluxes, porosities and PPIs. Twelve experiments have been
performed. Melting front position has been established with a IR camera by employing a MATLAB algorithm, with
which is possible to establish its position through time depending on the temperature measured. The numerical model
is set up with references to the volume-averaged form of porous media equations, under the assumption of Local
Thermal Non-Equilibrium (LTNE) between the two phases and non-negligible convection for the PCM fluid phase.

The main objectives of the present paper are to assess the accuracy of the numerical model in many conditions, the
development of a rigorous technique to establish melting front depending on measured or predicted temperatures, and
to analyze various effects like convection in terms of device orientation, morphological properties importance and so



on. A very good agreement between experiments and simulations has been found here for all the experiments that
have been ran. It has been shown that liquid phase convection strongly affects melting front position. In particular,
this will not be exactly perpendicular to the applied heat flux anymore. For the vertical orientation, this distortion is
strongly affected by porosity and PPI too. Higher porosity makes melting front more curved because of the reduced
overall thermal conductivity. On the other hand, with lower PPIs melting zone in the top becomes slightly higher
because of the increase of natural convection motion. In the horizontal orientation, Rayleigh-Benard cell can arise
especially for higher porosities.

After comparisons, an analysis of the effects of heat losses due to external convection, and of melting temperature
range has been carried out. Heat losses can have relevant effects on melting front position, making it more distorted,
especially near the boundaries where there is convective heat loss to the environment. Melting temperature range has
a qualitative effect on melting front position because the zone in which one can find both phases becomes more
extended.

Finally, experimental and numerical results for total melting front evolution vs time have been compared, showing a
good agreement. Various effects have been analyzed too in in different conditions. It has been shown that lower
porosity foams make melting time shorter, while PPIs does not have relevant effects on this. With references to the
orientation, a very small contribution from this has been observed here.
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