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Abstract

Composite Phase Change Materials (PCMs) can be made combining a PCM, i.e., a material
that is able store/release heat by its melting/solidification, and a low-amount of well distributed
high-melting and high-thermal conductivity phase with the aim of improving the overall
conductivity of the material and keeping its high heat storage capability. The composite made
by a paraffin and a porous structure of aluminium (Al) has been considered as the representative
of this material class. The design of these materials should not only take into account the
melting temperature (Tm) and the volume fraction of the paraffin, but also the geometrical
distribution and coarseness of the Al phase, which relate to the effective thermal conductivity
of the composite as well as the occurrence of natural convection once the PCM is in the molten
state. In the present paper, the inverse Body Centred Cubic (BCC) structure has been confirmed
to be the most suitable to model high porosity Al foams. For their BCC modelled structure, an
analytical equation is proposed for the evaluation of the overall thermal conductivity of the
composite PCMs. Also, new best fit equations for predicting permeability of BBC structure are
proposed. Analytical description is also given for the Rayleigh-Darcy number obtained as a
product of material-dependent term (related to Tm and volume fraction of PCM) and the
geometry dependent term (related to volume fraction of PCM, permeability as well as to
material coarseness alternatively given in terms of pores per inch, pore size or unit cell length).
The model has been validated by means of literature available experimental data. The proposed
simplified model can further be adjusted to correlate the onset of natural convection through
the local temperature gradient for the composite PCMs.
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1 Introduction

The phase change materials (PCMs) have been employed for thermal energy storage and
management in various fields, such as construction, textile, biomedical, solar energy,
electronics, batteries [1,2]. The low thermal conductivity of molten PCMs is a typically limiting
factor for their use, since it makes slower the thermal response of overall thermal energy storage
(TES) systems where PCMs are applied [1,2]. This is for example the case of paraffin waxes,
widely applied as PCMs in thermal energy storage systems. Paraffins offer high latent heat
fusion with the possibility to select the actual paraffin type on the basis of their melting

temperature of interest for the TES system at least in a relatively wide range [3].

The drawback of low thermal conductivity for a PCM material can be avoided by substituting
homogeneous PCMs by composite PCMs, where the actual PCM is combined with minor
amount of a phase characterized by high thermal conductivity and higher melting temperature
[1,2,4]. The high-conductivity phase can be both dispersed in the form of particles [5,6] or a
continuous phase [7,8]. Among these latter, metallic porous foams have been reported to have
many advantages: (i) the high porosity that can be reached allows high PCM volume fractions
and thus high energy storage capacity; (ii) their high surface/volume ratio allows fast heat
transfer to the PCM phase; (iii) the metallic structures offer structural functions also when the

PCM is completely molten [1,4].

The porous metallic structures, such as for example the complex and disordered foams are
usually modelled as lattices, obtained by the regular repetition of unit cells such as the
tetrakaidekahedral [9], body-centred cubic (BCC) [9-12], the face-cantered cubic [9,12] ones.
In the present study, the BCC structure is considered, as previously suggested to be the closest
to real foam [10,11].

In the stage of the composite PCM design, the possibility to have or avoid natural convection
of the molten PCMs has to be also taken into account. As a matter of fact, depending on specific
part needs and configuration of the TES system, natural convection of PCMs within the PCM
composite material can have both favourable and adverse effects. Natural convection in the
molten PCM enhances heat transfer during melting process [13], leading to faster responses of
the TES system in terms of energy storage/release, as proved experimentally and predicted
numerically [14,15]. On the other hand, in the case of possibility for natural convection to take

place within a molten medium, the overall thermal response can be effected by the heat source



64
65
66
67
68
69
70
71

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

90
91
92
93
94
95

location [16]. In the case of composite PCMs, this also corresponds to a dependence on the
spatial arrangement of composite phases [17,18]. Finally, natural convection phenomena cause
orientation-dependent heat transfer which could be unsuitable in some engineering components
[18]. Similarly, in the special class of PCM composite such as the nano-encapsulated PCMs
(NEPCMs) dispersed in a fluid forming nanofluids with PCM properties, Ghalambaz et al.
[19,20] observed the effect of orientation of heat flow as well as changes occurring in
charging/discharging and, thus, in the effectiveness the TES system induced by different
amounts of NEPCMs.

The effects of natural convection in metallic-foam composites PCM has been investigated
by several authors [21,22]. Specific studies focus on the presence/suppression [22,23] or on
the impact of natural convection of PCM in porous media or in more complex systems or
devices containing these porous system [24]. Zhang et al. [21] presented cases of composite
PCMs and service conditions where natural convection effect cannot be neglected although
the heat conduction is dominant. Lafdi et al. [25], who experimentally studied the phase
change heat transfer process of paraffin in aluminium foams characterized by porosity in
88.4-96.6% range, reported that effect of convection is greater in higher porosity and bigger
pore size foams. However, on the basis of experimental or simulated tests, some authors
stated that natural convection in molten PCMs has negligible effects. The considered cases
were Al foam-PCM with 93.5%-94.5% porosity and pore density of 10 pores per inch (PPI)
[26], Al foam-PCM with 80% and 95% porosity and pore density of 20 PPI [27], Cu foam-
PCM with the porosity of 90% and pore density of 30 PPI [16]. To the authors’ knowledge,
no organic view is currently available for the combined effects of phases volume fraction
and type, porous coarseness, and orientation on the onset of natural convection in composite
PCMs. On the other hand, the effect of orientation, size and local geometry of the container
of PCM materials on natural convection have been into account by the research groups of
Chamkha [19,28-30].

Fluid dynamic studies related to porous media for different engineering applications (see as
example Soboleva [31], Poulikakos et at.[32]) show that conduction heat transfer domain as
well as the presence of natural convection are correlated to Rayleigh-Darcy (Rp) number.
Specifically, where a porous medium filled by liquid is heated from its bottom, natural
convection in the liquid phase occurs above a critical value that is close to 40 [31,33]. Where

heat is at a lateral surface, with constant temperature, critical Rp number decreases to 1 [32]
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with a stronger tendency for natural convection to arise and contributing to the overall heat

exchange.

The Rayleigh-Darcy number is defined as follows:

gApKH _ gpBATKH

Rp = (1)

Teffl Teffl

where, H [m] is the specimen height, K [m?] is the permeability of the structure, p [Pa*s] is the
dynamic viscosity of the fluid phase, Ap [kg/m?] is the density difference of the fluid, aesr [m?/s]
is the effective thermal diffusivity of the composite and g [m/s?] is gravitational acceleration.
In the case of a direct correlation between density, temperature changes, and temperature-
independent coefficient of volumetric thermal expansion B [1/K] (equal to three times the
coefficient of linear thermal expansion), the density difference can be expressed in terms of the
temperature difference AT [K]. In the case, constant § and the average density p are used, the
equation modifies as written above. Further, the effective diffusivity of the composite can be
substituted by the ratio between its effective thermal conductivity Aett and the thermal inertia
lefs:

R, = [%ii] x (KH) X AT = M x (KH) X AT 2
eff

EQ. 2 can thus be split into three terms: the temperature difference AT, a material-dependent
term (M) and a purely geometrical term (KxH). By using Eq.2, designers can check if critical
Rp values are exceeded or not on the basis of the geometrical features and properties of the
porous metallic structure as well as on the properties of the fluid. Nevertheless, to the authors’
knowledge, up to now no simple tool is available for designers in view of the selection of
suitable geometrical features for the porous metallic structure (such as coarseness and porosity)
that allow the presence/absence of natural convection in a composite PCM where the PCM

type has been already identified based on its melting temperature.

Actually, this new approach can be followed by considering that the Rp index is the product of
three terms, as shown in Eq.2. The first multiplying factor (M) relates to the properties of the
fluid which natural convection motion can occur (i.e., the PCM in its molten phase) as well as
to the properties of the composite. The second factor (K*H) is related to the geometrical

features of the structural part of the composite PCMs.

The present paper is aimed at giving an overall view of the roles played by geometrical features

of the porous structure (such as structure coarseness, porosity, relative component thickness in
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the direction of heat flow) on the presence of natural convection in this molten phase of a
composite PCM containing a high-melting porous structure. The present paper is specifically
focused on composite PCMs made of a paraffin as active phase characterized by melting
temperature Tm and an aluminium porous foam as structural phase, modelled as an inverse
BCC lattice. The aim is to give the possibility to calculate the Rp number by simple but accurate
analytical models so that the designer can easily predict if the existence of natural convection
in a composite PCM. Even if related to paraffin/aluminium composite PCMs, the paper
supplies the method to derive the parameters of interest to estimate conditions leading to natural

convection in other composite PCMs containing high-melting porous structures.
2 Modelled geometry of the two-phase structure of composite PCMs

The aluminium open cell porous structure is modelled as a lattice formed by regularly 3D
stacked inverse body-centred cubic (BCC) unit cell. This means that aluminium stays in the
volume not occupied by spheres in a BCC unit cell where spheres of diameter d are placed at
the vertices and in the central points of a cube having side length L (Fig. 1a), also referred as
lattice length. The open cell structure is continuous when:

Blred<

2 22 L )

The extreme cases for the open cell Al structure corresponding to the lowest and highest
diameter are shown in Fig. 1b. The smallest diameter d corresponds to the case of tangent
spheres and to the highest volume fraction of the open-cell structure. The highest diameter
corresponds to minimal cross-sectional area and to the lowest volume fraction of the open-cell

structure.

In the modelled composite PCMs, the volume occupied by interconnected spheres is filled by
the PCM. Focusing on the PCM phase distribution, the model for PCM composite is often
referred as the BCC model [9-12]. The porosity € of the BCC cell thus corresponds to the
volume fraction of the PCM in the composite material. The calculation of the porosity can be
easily done when the overlapping of sphere volumes is taken into account. As shown in Fig.1c,
there are two types of overlapping spheres, each couple consisting of two equal spherical caps

whose single volume can be calculated as:

v =10 (Ga-n) (4)



155
156
157
158
159
160

161

162

163

164
165
166

167
168
169
170
171
172
173
174

175

176

177

178
179

180

181

where, h is the height of spherical cap. Two types of spherical caps and two corresponding
numbers have to be considered: h; refers to the case of overlapping between the central sphere
and one centred at a cube vertex (16 in total), h2 refers to the overlapping of two spheres centred
on vertices or the caps falling outside the cube cell (6*2). When d is lower than L, there is no
overlap between spheres located in vertices (thus ho=0). As a result, the porosity (i.e., PCM
volume fraction) & can be computed by following equation:

%nd3 — 16mh,> (% - %) — 12mh,> (% - %)

L3

5n( - 1602 (-2 - () (G- 2) ©

where, hi= (2d- Vv 3 L)/4. ho=(d-L)/2 for d>L (g is about 0.9395) otherwise h,=0. Since the

E =

length size L will be hereafter considered as the geometry parameter representative of the
metallic structure coarseness, the second term of the above equation has been rearranged in

terms of cell side length normalized values: d/L, h1/L and ho/L.

The range of porosity ¢ in the model adopted can be obtained by combining Eq.3 and Eq.5,
corresponding to 0.6802<g<0.9945. Within this range, for each ¢ only one d/L solution of Eq.5
is possible, with d constrained to be positive and the condition for open-cell foam (Eq.3). A set
of d/L has been calculated in this way by the authors and is plotted in the Fig.2. It can be
observed that d/L almost uniformly increases with porosity before € is 0.9395, then increase
faster. In order to simplify the calculation of d/L, analytical expressions for d/L with ¢ have
been derived by best fitting the dataset of points calculated via Eqg.5. The following d/L=f(¢)
equations are obtained for hz equal to or different from zero, respectively:

% = 0.4665&% — 0.2452¢ + 0.8179 for 0.6802<e<0.9395 (6)

% = 14.855&% — 27.639¢ + 13.857 for 0.9395<e<0.9945 (7)

The coefficient of determination (R?) is 0.9999 and 0.9902, respectively.
Alternatively, a further best fit equation is derived for the whole porosity range for open cell
inverse BCC structure:

2 = 4.969¢3 — 11.683¢% + 9.599¢ — 1.825  for 0.6802<£<0.9945 ©)

=

The coefficient of determination (R?) is 0.998.
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This latter correlation leads to a maximum relative error of around 0.6% at €=0.994 and thus
can be used when rough estimations of d/L can be considered. All the d/L=f(¢) correlations
above (Eq.6 to 8), plotted in Fig.2, are independent from the coarseness of the porous structure,
which can be linked both to L and d.

3 Material properties and modelled material dependant term M

Once the geometry of the phases has been defined, the temperature-dependence of
thermophysical properties of single phases or the effective properties of the composite PCM of

interest for the calculation of the M term in Rayleigh-Darcy number need to be considered.
3.1 Material properties

Following the results of a previous paper by the same authors [34], the density (prcm), Specific
heat (Cppcm), thermal conductivity (Aecwmy) in their molten range for paraffins having the
melting temperature (Tm) in the range 290-380K can be easily analytically calculated.
Equations allow to calculate the properties on the basis of Tm, that is the parameter on the basis

of which a paraffin to be used as PCM is selected, as described in recently work by Li [34].

Among many paraffins available, CigHzs or CzsHss (melting temperatures 300K and 334K,
respectively) have been considered for comparison purposes. Their calculated temperature-
dependent properties are compared in Fig.3. It can be easily observed that the specific heat of
these molten paraffins can be considered as practically independent on paraffin type. Slight

dependence on paraffin chemistry can be noticed for density and thermal conductivity.

The property of main interest for the present paper related to the onset of natural convection is
the dynamic viscosity of molten paraffins (u [Pa*s]). Li [34] suggested that the temperature-
dependence of dynamic viscosity can be derived from T on the basis of the following couple

of equations [34]:
1= 38.78 X exp(—18.83(T/T,)) + 0.01426 X exp(—4.329(T/T})) 9

where, Ty represents the boiling temperature for the paraffinic PCM, related to its melting

temperature as follows:
T, = 4.56 X 107% x T;,,®> — 0.02611 X T,,* + 6.341 x T,, — 201.366 (10)

As shown in Fig.3b, for the two paraffins here considered, strong temperature- as well as
paraffin-type dependence can be observed.
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In the temperature range of interest for considering the onset of natural convection in the
modelled composite, which can be considered to range from the melting temperature of the
paraffins to 100K in excess of them, the temperature-dependent thermophysical properties of
Al are also given in [34]. For example, the values of properties for pure Al phase are calculated
at the melting temperatures of two paraffins (300K and 330K): pmet = 2699.6 kg/m? and 2693.0
kg/m? for C1gHss or CogHss respectively, while at T of the same paraffins Cp et is 891.0 and
907.8 J/(kg-K), Mvet is 258.7 and 254.7 [W/(m-K)].

3.2 Effective thermophysical properties

In order to calculate the material-dependent term M in Eq.2, the effective thermal inertia les
and the effective thermal conductivity Aefr Of the composite PCM have to be derived. The
effective thermal inertia of a multiphase material containing n different phases can be easily

calculated as:

lerr = (pCp),;p = Zi2apiCp;f; 11

where pj [kg/m®], Cpj [J/(kg-K)], fj are density, specific heat and volume fraction of the j" phase
of the m phases [35]. This formulation could allow to consider the PCM phase transition for
the composite PCM, where three phases are present. Nevertheless, since in the present paper a

completely molten PCM with volume fraction ¢ is considered, lett can be simply calculated as:
lefr = Prger X Comer (1= &) + Ppcy X Cppem X € (12)

On the contrary, the calculation of the effective thermal conductivity of multiphase materials
is not straightforward. As a matter of fact, Aefr is not only a function of thermal conductivity
and volume fractions of phases, but also of their geometric distribution. Thus, only rough
estimation of Aefr can be obtained by applying the mixture rules for phases distributed in parallel
or series, which correspond to the maximum/minimum thermal conductivity values [36].
Several analytical equations have been proposed during the years for dilute second phase
inclusions [36] or for regularly arranged continuous phases [37—41].

Fig.4 shows the e-normalized effective thermal conductivity (NETC) correlations in the whole
porosity range for which continuous open-cell structure is possible for (inverse) BCC lattice of
the high-conductivity phase (a) and for the high-porosity range (b). NETC obtained by direct
simulation (DS) from authors’ work [34] for the CigHss/Al or CagHsg/Al composites at the
melting temperatures of the paraffins are presented as datapoints (black and red star symbols).

The results are close to those calculated in literature using the same approach for Caz2Has/Al,
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represented by green star symbols [23]. This is due to very small difference in the thermal
conductivity of the paraffins, the ratios Aow/Anigh between the low and high-conductivity phase
at the temperatures considered is very close (of about 5.9*10, value that should be modelled
when €=1). Since the same ratio will be closer for different paraffins and temperatures
considered in the present paper (not exceeding 480K), the results from DS simulation will be
very close to those ones. The same holds good for DS calculated PCM composite formed by
combining a paraffin with Cu (for which a thermal conductivity close to 400 W/(m K) is
generally reported [43,44] and Aiow/Anigh OF about 3.8*10 is considered ), as shown in purple
star symbols. In order to show the slight, but still existing, effect of Aiow/Anigh, plots in Fig.4 also
include the results from DS simulation for air/Al and water/Al composites where Al porous
structure is modelled as the BCC lattice [10]. In these cases, the Aiow/Anigh are 110 and 28x10°
4, for air and water, respectively and results (blue and yellow star symbols, respectively) lie
across those for paraffin/metallic structures as reasonably expected. The combination of these
results shows that also for thermal conductivity ratios varying of 1 order of magnitude, the

effect of their change is smaller than that induced by limited changes in porosity.

The above data are then compared in the same figures with experimental data available in
literature for the same combinations of materials and metallic open-cell structures with high
porosity (open symbols, where in the plots the same colour is adopted for each combination of
phases. These results confirm the slight effect of Aiow/Anigh, but also show that BCC structures
well predict the NETC for composites with a high-conductivity open cell structure (about above
0.93) but overestimate NETC for lower porosity. In the porosity below 0.8, a foam becomes

more close-cell than open-cell structure [36].

Other lattice description could be adopted for the metallic open-cell structure of the high-
conductivity phase of a composite PCM, such as (inverse) face centred cubic (FCC) or simple
cubic (SC). Calculations for their effective thermal conductivity were performed by Rawson et
al. [42] adopting a lattice Monte Carlo (LMC) approach (leading to a direction-averaged Aer).
For the Miow/Anigh O the same phases coupled in the composite structure (C1gHsg/Al), the results
are plotted with black triangular symbols in Fig.4. Their match with experimental data is
suitable only for lower than 0.9, while for high-¢ these models clearly underestimate NETC.
The better fit of BCC model for high-¢ has been reported by some authors to be correlated to
the minimum surface-area to volume fraction of BCC corresponding to the physical
phenomenon of pore formation in foams [10,11].
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Alternative lattice descriptions of the high-conductivity open-cell structure have been proposed
in literature. Several authors considered structures made of constant-section bars, leaving free
one or a few parameters then identified by fitting experimental results [37—41]. While the
approach allows a good description of single cases, specifically at high porosity, their
application to paraffin/Al porous foam is proved to result in widely scattered NETC for the
high porosity values and in an unacceptably low NETC for €<0.88. These methods are thus not

considered there, and their predictions are not shown in Fig.4.

As an overall result from the comparisons made in Fig. 4a and 4b, it can be observed that at
relatively high porosity the BCC description is quite good, for the range of ratio between
thermal conductivity used in the DS for paraffin/Al or paraffin/Cu are in a narrow range. While
the predictions supplied by BCC model for open-pore structures produced by the conventional
methods are not suitable as porosity reduces, BCC remains the lattice with the highest NETC
for a given porosity and could thus be considered as the target one in some cases such as the
composite PCMs considered in the present paper. Its selection as a reference model has thus
been confirmed. The description further allows to consider structure with open cell porosity
and relatively high NETC in a wide range of porosity (down to €=0.69). For this BCC lattice
the following analytical description (modified by Hu after Progelhof model [23,46] can be
adopted:

Aerr =€ X Apew + (1 — €)% X Ayer (13)

where, 0 is a fitting constant, identified as 1.3142 by Hu [23] for a C22Hae/Al, and as 1.3296 by
the authors of the present paper [34]. This latter fitting index has been identified by Aeff results
provided by direct simulation (DS) at 2 temperatures (Tm of paraffin and (Tm+100K)) for
composite PCMs obtained by combining CigHsg or CagHsg paraffins with the inverse BCC

structures made of Al or Cu with porosity ranging from 0.69 to 0.98.
3.3 Modelled material dependant term M

The values of M have been calculated for the composite PCMs made by combining the Al
porous structure with different porosity with paraffins C1gHss or C2gHss (melting temperatures
300K and 334K, respectively). This Eg.13 has been used together with Eq. 12 for les, EQ. 9
and 10 for dynamic viscosity and the following one
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derived from the description of molten paraffin density [34], where Ap is proportional to the
temperature difference. The overall equation for M calculation is the combination of the
following and Eq (10) for Th.

209.SgX(PCP)Met*(l‘£)+(PCP)paraffin*g

M = F_ Tm (7‘Met(1‘5)1'3296"’g xparaffin)
4 38.78xexp (—18.83T/Tp) +0.01426xexp (—4.329T/Tp)

(15)

Further, a new variable M’ is considered, as the ratio between M at a given temperature and
the value of M assumed at the melting temperature of the molten (PCM, paraffin) phase, so
that M’ can be described as:

M =M/Mq = (FXxupr, )/(Fr, Xpr) (16)

Calculations are performed for temperatures ranging from the melting and boiling one for each
paraffin, and the results are shown in Fig. 5a. The strong temperature dependence of M’, and

thus of M and the effect of the molten composite are clear.

In order to investigate the impact of temperature-dependence of properties included in M, a
reference case in which only the dynamic viscosity of paraffin is temperature-dependent, while
other properties keep constant their values at the melting temperature of the PCM used is
considered. In this case M’ is equal to:

M _ / __ 38.78Xexp(—18.83T;,/Tp)+0.01426 Xexp(—4.329T/Tp) (17)
Tm — M/ M = g i (—18.83T/T,)+0.01426xexp(—4.329T/Tp)

where, as usual, Ty is calculated using Eq. 10.

The term M, and correspondingly the M’ value in the reference case is lower than in the case
of all temperature-dependent properties. The difference between M’ values calculated in the
reference case and those in the case where all properties are temperature-dependent appreciably
increase with temperature, and slightly increases with ¢ and with the carbon chain length of
paraffin. The temperature dependence of M’ given in Fig. 5b for each composite is in the
temperature range from Tm to Tm+100K for its melting phase. During this temperature range,
M’ at different volume fraction clearly overlap. For the two paraffins here considered, the
difference between M’ values obtained in the reference case and that in the case considering
temperature-dependence of all properties is lower than 12% at 100°C above T of each paraffin
type. In applications where paraffins are used as thermal energy storage media these
temperatures can be locally reached only when particularly high heating rates or heat flows are
imposed/supplied. Under most cases the impact of temperature on viscosity prevails over the
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other factors. In these cases, the material-dependent term becomes the ratio between the
porosity and Tm dependent term Frm and the temperature-dependent term pr. The calculation
of Mtm can be further simplified considering temperature-independent properties of Al. These
latter are derived from their temperature-dependent description given in [34] , considering T=
330K, i.e., an intermediate temperature of the melting temperatures for paraffins in the

paraffin/Al PCM composites considered in the referred paper.

M(Tmi 8) = FTm/HT

- -3 2_
_ 209.59(2452990(1-£)+778.2(6.33%1073 T;,?~1.03 T;, +1961) €) /(38.78exp (—18.83(%)) +0.01426exp (—4.329 (%))) (18)

2
Tm<253.9(1—e)1-3296+e<o.o712S(TT—’;}) —0.2056(:,—’;‘)+0.2348))

4 Calculations of the geometry-related term in Rp equation

The geometry-related term of Rp number in Eq. 2 is the product of the height H of Al/molten
paraffin composite PCMs and of the permeability K of its open-cell structure. The permeability
K can be substituted by the product of normalized permeability K’ (a size-independent

parameter [12,47]), and the square diameter of the spherical pore. Thus,
K=K xd? (19)

In the lattices describing the open-cell structure taken into account in the present paper (BCC,
FCC, SC), a first-order correlation exists between d and the cell size L, so that K also is

correlated to the square of the lattice side length L2.

Despois [47] presented a microstructure-based model to estimate the normalized permeability
K’ of open pore microcellular materials. Ngo and Byon [12] proposed a correlation between
K’ and porosity ¢ (¢ ranging from 0.1 to 0.9) for closed and open cell simple cubic, BCC, FCC
structures. To the authors’ knowledge, no description of K’-¢ correlation exists for the porosity
values exceeding 0.90. Thus, simulated tests have been carried out to provide data for BCC

structures with high €, from which good analytical description can derived.
4.1 Direct simulations for permeability K calculation

This part of the study is aimed at providing data to define the dependence of K from geometrical
features in a wide range of porosity € for an inverse BCC lattice structure. Further, the
dependence or independence of geometrical features such as structure coarseness (represented
by side length L) or thickness of the porous structure (represented by the number of stacked

cells) is also confirmed.
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In low velocity range of the liquid paraffin, the permeability K of a porous medium within
which it moves can be derived by Darcy’s correlation [47], where the average velocity of the
liquid (u) depends on the permeability of the porous structure (K) and on the dynamic viscosity

p of the paraffin and its pressure difference (AP) between the inlet and outlet surfaces:

KAP
u = —E. (20)

Thus, permeability K can be derived once u, 1 and (AP) are known. Direct simulations are
performed for the unit BCC cell described in paragraph 2 and shown here in Fig.6 with the
boundary conditions used for these simulations in order to consider the cell as part of an
extremely high number of stacked cells of porous (Al) structure filled by liquid (paraffin). At
the inlet and outlet (on the left and right side of the cell in Fig.6, respectively), a periodic
pressure and velocity boundary condition is applied to simulate the situation where the fluid
can move across an infinite number of stacked cells in the direction of heat flow, differing only
by a pressure offset AP in the flow direction. The lateral sides are assigned as the symmetry
condition and the no-slip boundary condition is applied to all the solid-liquid surfaces. A steady
incompressible flow is assumed, and the Navier-Stokes equations are used to govern the motion
of fluids. All the above conditions corresponded to those previously considered by Ngo et al.
in [12] to the identification of permeability of porous structures with maximum pore fraction
of about 0.84.

From the simulation results, the average velocity of u (averaged on the area framed by the bold
red box in Fig.6) is calculated and K is derived from Eq. 20. In DS simulation, AP is adjusted
to obtain the value of Reynold number (Re) lower than 0.1, since it has been reported that Re
has a negligible effect on K when Re is smaller than 10° [12].

The DS model is implemented in finite element software, using a cell size L equal to Imm.
Tetrahedral elements are then selected. For selected porosity levels (0.757, 0.85, 0.95), a mesh
sensitivity analysis has been performed, keeping element size parameters such as minimum
mesh size (4*10°m) and maximum element growth rate defining the maximum rate at which
the mesh element size can grow from one element to another (1.4) and varying the maximum
side length between d/20 and d/100. Mesh size-independent results are obtained with maximum
mesh size equal or lower than d/80, that is thus adopted.

The materials considered here for the model structure are Al and paraffin CigHas, with the
properties given in paragraph 3 at melting temperature (300K), even if the results on
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permeability are not affected by the porous material as well as by the fluid filling it. Simulated
tests are carried out to calculate K for several values of ¢ in the range 0.69-0.99. In some cases,
the side length of the model is varied to 5mm to check the independence of K from L. Further,
the relevance of calculated K on the PCM composite thickness is carried out by repeating
selected simulations for different numbers of stacked cells in the direction of heat flow.

4.2 Effect of side-length on the permeability of (inverse) BCC cells

From each K, the corresponding K’» (K’ refers to K’ obtained when a periodic boundary
condition is set) is derived and plotted in Fig. 7 as a function of the porosity €. The results show
that the normalized permeability varies with porosity for BCC structure and confirm the

independency of the normalized permeability from cell side, and thus from structure coarseness.

In the same figure the simulated tests results have been compared to experimental data. These
latter have been derived for different porosity but two pore diameter values: 75 um and 400
um. On the contrary, simulated results have been obtained for coarser structures with fixed side
lengths (1 mm and 5 mm) and corresponding pore diameters increasing with the porosity. For
example, in the case that side length L is fixed at 1mm, d=925 um for ¢=0.8, and d=976 um
for €=0.9. Pore diameters for L=5 mm are 5 times those for L=1mm for a given porosity The
same plot also shows the other DS results obtained for BCC structures [10,12] (unknown pore
diameter or unit cell side). The agreement of all these data is clearly visible.

A best-fit of the above data for low permeability has been performed using the correlation K’«
=C*(e-D)E proposed by Ngo and Byon [12] for simple cubic, BCC, FCC structures with £<0.90.
Since the fitting parameters are not specifically mentioned for each lattice type, but only ranges
for them are given (0.063<C<0.265, 0.523<D<0.726, 1.531<E< 1.994), the authors of the
present paper have identified these parameters for BCC lattice by best-fitting simulation data
of normalized permeability (plotted as black line in Fig.7) for € < 0.90. The following equation

has been derived:
K., = 0.09|¢ — 0.68|*° for 0.6802<¢<0.9395 (21)

In Fig.7, it is observed that Eq.21 can well predict K’ for the porosity up to about 0.94 and the
statistical analysis shows coefficient of determination (R?) to be 0.997 by comparing results

predicted by DS and Eq.21 for 0.69<¢<0.939. But the above analytical description of K’« is
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clearly unsuitable for the porosity over 0.94, the one which is of more interest for composite
PCMs.

Thus, the authors have used two different best fit equations, one considering the whole set of
simulated results, the other only for porosity exceeding 0.94. The resulting equations are the
following ones, and they are plotted as red and green lines in including all the simulated test

results.

K, = 131.5237¢3 — 376.2025¢% + 358.8131c — 114.103 for 0.9395<£<0.9945 (22)
K, = 16.0594c* — 52.4791&3 + 64.1654c% — 34.7482¢ + 7.0274. for 0.6802<¢<0.9945
(23)

By the statistical analysis of results predicted by Eq.22 and DS method for about 0.94<¢<0.99,
R? reaches 0.999. Over the entire porosity considered in Fig.7, Eq.23 can well predict K’« for
the porosity down to about 0.75, even though the statistical analysis show coefficient of
determination (R?) to be 0.992. In the present paper, a combination of Eq.21 for low porosity
range and Eq.22 for high porosity range, and a single Eq.23 for a wide porosity range are both

applied to estimate K’« for an inverse BCC lattice structure.
4.3 Effect of the height of PCM composite

The previous calculations of the normalized permeability of the inverse BCC cell structure
consider a periodic boundary condition, and thus fluid moves across a porous structure of
theoretically infinite height, where no edge conditions occur. In the case of finite-thickness of
the porous material filled with liquid, specifically in those characterized by coarse structures,
the impossibility to have liquid movement across the external boundary could potentially affect
the convective movement of the liquid and thus different permeability could be considered.
The present part of the study is aimed at checking if and to what extent normalized permeability
is affected by specimen thickness, here considered as the number of stacked unit cells. The
geometrical models for DS simulations in this case include several stacked unit cells, and
pressure difference is set at the external inlet and outlet surface instead of periodic boundary
condition. The normalized permeability is derived from numerical tests results as analogously
to what described in paragraph 4.1. Some sets of simulated tests are carried out in the cases
that number of stacked cells n equal to 1, 3, 7, 9, 11, 15, 20, 30, varying the porosity between

0.70 and 0.96, where L is fixed at Imm. In some cases, L= 5mm is additionally considered.
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The results of these sets are shown in Fig.8a. Here, the ratio between the calculated K’, and
K’ is given in ordinate, where K’y represents the K calculated for n stacked cells (with given
g and L) and K’ is the one calculated for the same € and L from the simulations presented in
paragraph 4.2. Datasets for different porosity values (and in some case both for L=1 mm and
L=5 mm) are plotted versus the number of stacked cells. It can be easily noticed that, as
expected, for high n the value of K’n/K’» tends to 1. On the other hand, porosity affects the
ratio K’1/ K’ i.e. the ratio between the K’ value when the thickness of the porous structure is
equal to the side length of a unit cell and the K’ obtained considering periodic boundary
condition. As porosity increases from 0.7 to 0.96, K’1/ K’« increases only from 1.0013 to
1.0133. The effect of cell size is checked for a relatively critical case of 0.9, and it is found to
be negligible (see Fig. 8a). Porosity further affects the number of stacked cells above which
the K’ can be considered as constant. As a matter of fact this value of n increases with ¢, being

close to 5 stacked cells for ¢=0.7, 15 stacked cells for £=0.96-

The deviation of K’n from K’ is in any case quite limited,in most cases lower than 1%. The
maximum relative error considering K’ instead of K’y occurs for n=1 and can be easily

computed for cells of the same geometry (g and L) is calculated (in percentage) as:
§ = 100X |K',,— K'1|/ K4 (24)

The corresponding values for L=1 mm (and in some cases for L=5 mm) are plotted in Fig. 8b.
It can be observed that & increases with porosity. The maximum relative error & is in any case
lower than 1.4%. This means that the error committed considering the thickness-independent
values and the normalized permeability model presented in paragraph 4.2 are lower than 1.4%

if the ratio between the thickness of the porous medium and L is close to 1.
4.4 Modelled material dependant term KxH in Rp equation

As a result, from the analyses of DS results performed in previous paragraphs 4.2 and 4.3, the
geometry-only dependent term to be inserted in the equation to calculate the Rp number can be

well approximated by following analytically descriptions:
KH = K',xd?XxH (25)

While Eq. 21-23 supply analytical descriptions in terms of K’» = K’»(€) for different porosity
€ ranges. On the basis of the geometry relationship d/L=f(g) for inverse BCC cell as discussed

previously, the equation (25) can be written in terms of H, porosity &, side length L of the BCC
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lattice. The description of the geometry-dependent term in Rp number is here presented in
terms of the length L of the inverse BCC structure considering analytical descriptions Eq.23

for K’» and Eq.8 for ratio d/L:

KH =K ,d?H = (16.0594* — 52.4791¢&3 + 64.1654¢2 — 34.7482¢ + 7.0274) x
(4.969¢% — 11.683¢2 + 9.599¢ — 1.825)212H (26)

Further, many available geometrical data for open cell porous structures are supplied
characterizing the material coarseness by means of the parameter pores per inch (PPI). When

an inverse BCC structure is considered, the correlation between L and PPI is the following [11]:
L [mm] = 25.4/PPI. (27)

The geometry-dependent term for Rp number calculation can thus be expressed in terms of PPI

and ¢ (to be used in the range as 0.75<e <0.96) as:

KH = (16.0594s* — 52.4791&3 + 64.1654¢% — 34.7482¢ + 7.0274) X (4.969 * 3 —
11.683 * €2 + 9.599 x ¢ — 1.825)? x (0.0254/PPI)? X H (28)

5 Modelled Rp number for Al/Paraffin PCM

For a PCM composite formed by an Al porous structure and a paraffin with melting temperature
in the range 280-340K, Rp number can be calculated by combining Eq. 15 with Eq. 26 (or ,
alternatively, 28), as follows:

RD=

2
209.5g((pCp)Met(1—€)+(pPCP) paraffin€)(16.0594€* ~52.4791e3+64.165482 ~34.7482¢+7.0274)( 4.969¢3~11.683824+9.599e—1.825) "ATHL?

Tm*(AMet (1-8)1:32%6+¢ Aparamn)*(%.mxexp (—18.83(%)) +0.01426xexp (—4.329(%)))

(29)

A simplified and approximated equation considered constant-Al phase properties, and density,
Cp and thermal conductivity of paraffin at its melting temperature can be obtained combining
Eqg. (18) with Eq. 26 (or, alternatively, 28).

2
R = 209.5g(2452990(1—£)+778.2(6.33X1073 Ty, 2 —1.03 Ty +1961)e)(16.05946%~52.4791&% +64.1654£% ~34.7482+7.0274)( 4.969¢3 ~11.683£%+9.599e—1.825) ATHL?
p =

2
Tm*(253.9(1—s)1-32%+s»«(0.07128><(%‘) —0.2055x(%)+0.2348)>(33.73xexp (—18.83(T—Tb)) +0.01426Xexp (—4.329(%)))

(30)

where, as usual, Ty is calculated using Eq. 10.
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The above equations supply good description of Rp for the porosity range 0.75<¢<0.9945 since
Eq.26 is based on Eqg.23 well predicting K’ for the porosity larger than 0.75. For the same
porosity range, similar equations can be written combining Eq. 15 or 18 with Eq. 28, when the

structure coarseness of the Al porous structure is given in terms of PPI.
5.1 Conditions for conduction-dominant heat transport

Once Rp is modelled, it is possible to calculate if the conditions for conduction-dominant heat
transport are satisfied or not (and natural convection occurs) for a specific Al/paraffin PCM
composite. As mentioned in the introduction, natural convection for the liquid paraffin can
occur as Rp overcomes critical Rp values, here referred as Rpc. Rpc is related to heating
location. Specifically, critical Rp values Rpcy. is about 40 for heat supplied from the horizontal
bottom surface of the composite material [31,33] and Rpcr =1 can be considered for heat
supplied horizontally from one lateral vertical surface of the PCM composites [32] .

The conditions where conduction-dominant heat transport occurs can be thus obtained focusing
on several geometrical or material parameters (such as the cell coarseness L, the porosity ¢, the
specimen thickness H), by rearranging Eq.29 (or its simplified version, Eq.30). A similar
approach could be followed by considering the selection of different paraffins, characterising
them in terms of their melting temperature Tm. The above equations are the ones valid for the
wider porosity range. Better description for high- and low- porosity ranges can be obtained by
using the corresponding analytical description of K’« (i.e., Eq.21 and Eq.22) into the geometry-

dependent term for Rp estimation.

For the case of length, the condition for conduction-dominant cases is when L is lower than the

critical value L¢, the most general equation is:

L<Lc=

\/ RpcTm(Antet (1—5)1-3296+g/1pamfﬁn)><(38.78><exp (—18.83(%)) +0.01426Xexp (—4.329(%)))

1
4 3 2 3 2 2 ( ) (31)
209.59((pCP) met(1—€)+(0CP) parasfin€) (16.0594£%—52.4791£3+64.1654£2—34.7482£+7.0274) ( 4.969e3—-11.683£2+9.599e—1.825)2 \ATH

While in the case where the thermophysical parameters (A, p and Cp) of Al are constant and

those of paraffin are values at its melting temperature, the equation becomes:

L=Lc<

2
\/ JRDCT,,[(z53.9(1—s)1-3296+g><(0.o7128><(TT—’;) —o.zosax(TT—’g)+o.z348))x(38.78xexp (~18.83()) +0.01426xexp (~4.329(-=))) ( )
ATH)

2055.195(2452990(1—)+778.2(6.33X1073 Ty, 2~1.03 Ty +1961)€) (16.0594£% ~52.47913 +64.1654£2—34.7482e+7.0274) ( 4.969¢3 ~11.683£2+9.599e—1.825)2

(32)
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Where, as usual, Tm and Ty (derived by Eg. 10) and AT are given in K, H and L are given in m,

and ¢ (porosity) corresponds to the volume fraction of the paraffins used as PCM.

A reference condition is considered for the case of horizontal heating (Rpc=1), the low-melting
paraffin C1gHsg (Tm=300 K), H=25 mm and AT =10 K, with the surface opposite to the heated
one at Tm. The correlation between the critical length L. and the porosity € can be derived from
the simplified Eq. 32, considering the temperature T (to estimate dynamic viscosity at Tm+AT)
and plotted as black lines in Fig. 9a-9c. For comparison purposes, lines corresponding to data
calculated using the high- and low porosity equations (Eq.21 and Eq.22) for K’ are drawn as
dashed lines. These three figures further represent the case where the paraffin types, the height
of PCM composite, or the temperature difference across it are varied, respectively. Fig. 9a
shows that, for relatively high porosity range (e above 0.9) and for the thickness of 25 mm and
AT =10 K, there is no convection motion for all the considered paraffin if the length of the unit
cell is smaller than 1.3 mm (about 20 PPI), to be read in the right-side vertical axis. It is also
clear that the approximated description of K’ does not predict good L for porosity lower than
0.75, where K’ is low and the discrepancy between its values obtained using single- or two-
range for ¢ is relatively high. On the contrary, for the low porosity porous material (i.e., lower
than 0.75), where the molten filling material can be considered as almost trapped into isolated
spheres, the structure coarseness range where the heat transfer is conductive increases a lot (up
to L=6 mm, corresponding to less than about 4 PPI). The direct correlation of Lc (1/H) is clearly

visible in Fig. 9b, where reduces for an increase of H from 5 mm to 50 mm.

The effect of AT, shown in Fig. 9c¢, is similar to that of H since the correlation between L¢ and
H or AT is the same. It can be further observed that Eq. 32 can be rearranged considering the
average temperature gradient AT/H (assumed to be constant along the thickness) instead of the
temperature difference AT. The results from part of the second and third set data (given in Fig.
9b and 9c¢) are presented in terms of the average temperature gradients AT/H in Fig.9d, only

considering the single-range simplified Eq. 32 for porosity values exceeding 0.75.

The reference condition used to draw plots in Figure 9 considers the specimens heated on a
lateral surface, thus Rpc equals tol. Similar evaluations of the combined effects of porosity,
paraffin type and AT could be obtained for different heating by inserting proper Rpc (such as

the abovementioned value close to 40 in the case of specimens heated from the bottom).

5.2 Validation of the simplified model for Rp number calculation
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Experimental data available from literature [25] have been used to validate the model with
single-porosity range description of K’ (Eq. 32). These values refer to composite PCMs made
by pure Al foams (their stated thermal conductivity is 236 W/(m-K)) which have been filled
by a paraffin stated to melt at about 300K (Tm close to that of the paraffin C1sHzs). Two sets of
composite PCM samples, all having the same size 101.6 mm %101.6 mmx50.8 mm, confined
laterally by insulated plates. The first set is characterized by the same pore coarseness (10 PPI)
and different porosity (0.884, 0.934, 0.966). The second set is characterized by a constant
porosity of about 0.936 and different PPI (10, 20, 40). The samples were heated with constant
power on their square surface, placed vertically and the temperature at several location from
the heated to the opposite surfaces were measured and the temperature profiles were given in
the paper. Thus, the model was applied here considering Rpc equal to 1. The possibility to
observe the melting interface, due to the paraffin feature changing from opaque to transparent
as melting occurs was used by Lafdi et al. [25]. The representative results of the tests [25] are
shown in Fig.10. Among the experimental specimens, the first one shown here exhibits the
strong natural convection. The specimen, when heater is on the left surface, where the

solid/liquid profile inclined rightward in its upper part means that convection is taking place.

In order to carry out the validation of the model described by Eq. 32, the identification of the
temperatures and H is needed for each specimen. The temperature on the vertical, heated
surface is derived from temperature profiles at the (different) time at which macrographs of the
samples were taken by Lafdi et al. [25]. This temperature is used to calculate AT as the
difference between it and Tm. In the experimental tests, the previously described specimen
thickness cannot be considered as the one used to derive Lc-¢ correlation, since the molten
liquid does not fill the whole thickness. Thus, for the 6 specimens for which the solid/liquid
interfaces are available, H is considered as the distance between the external heating surface
and the solid/liquid interface at the height level where the profile changes from vertical to
inclined (see examples in Fig. 10). The H values derived in this way, as well as the AT are
given for each experimental test in the legend of Fig. 11, where experimental points
corresponding to each specimen are placed in terms of their PPI and porosity. Further, Fig. 11
shows the curves for L. calculated on the basis of H and the AT for each sample, adopting the
same colour. Thus, for the two specimens with the same porous structure characteristics (10
PPI and porosity 0.934) two L. curves are derived, each corresponding to an experimental test.
The presence of convection in each test can be compared to the position of the corresponding

line. Most of the points lay above the corresponding curves, and convection is actually
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observed by Lafdi et al. [25]. For them, the solid-liquid interface is more inclined as the relative
distance between points and the corresponding line increases. Convection motion is predicted
and experimentally demonstrated not to occur for the sample of set 1 with the lowest porosity
(black point and line). Lastly, for the sample of set 2 with the highest PPI (lowest L), the point
is only slightly above the corresponding Lc line, meaning convection motion is quite weak.

Also, this situation corresponds to experimental observations.

As a result, the experimental tests by Lafdi et al [25] validate the model for calculation of
conditions leading onset of convection (or, alternatively, for conduction-dominant heat transfer)

for Al/paraffin composites.
6 Conclusion

The composite PCMs considered in the present paper are formed by paraffins with open-cell
metallic Al porous foam which has been modelled as a (inverse) body-centred cubic (BCC)
lattice. Analytical expressions have been given to correlate porosity with side length, pore

diameter or pores per inch for this structure.

Further, analytical expression has been proposed to model the effective thermal conductivity
of the composite PCMs, indirectly based on the melting temperature of the PCM. The BCC
structure has been proved to be the most suitable to model this property for Al foams with high

porosity.

The Rayleigh Darcy (Rp) number can be obtained as a product of the temperature difference,
the material-dependent term M and the geometry-dependent term (KH). M has been
analytically described by a general version or a simplified one, and (KH) also has been
analytically calculated for different porosity ranges for composite PCMs. With respect to
previous analytical models for permeability for porosity less than 0.94, the description adopted

here has been proved to be suitable also for porosity in the 0.94-0.99 range.

The above equations are used to calculate critical conditions for conduction-dominant heat
transfer of the paraffin within a metallic foam when heated horizontally. Specifically, the model
has been rearranged to predict the porous structure coarseness (in terms of L or PPI) leading to
natural convection for the different porosity, thickness of specimen containing molten paraffin,
its temperature range and paraffin types. A graphical procedure is suggested to check the onset

of natural convection, which is adopted to validate the simplified model by the experimental
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results for several Al open-cell foams filled with specific paraffin. They have a good

agreement.

The supplied equations and plots for critical conditions derived for horizontal heating can be
easily modified for the case of heating from the bottom of the material (in this case L. is about
6.3 times the one presented in this paper). The approach used here can be further extended to
different composite materials containing a liquid phase and an open-cell porous structure, with

a simple definition of M term.
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Nomenclature

d Diameter of sphere [m] € Porosity [-]
g Gravitational acceleration [m/s?] | 6 a fitting constant of Progelhof model [-]
H | Specimen height [m] A thermal conductivity [W/(m-K)]
| | Thermal inertia [kg/(s?>m-K)] Abbreviation/subscripts
K | Permeability [m?] o infinite value
K' | Normalized permeability [-] 1 one unit cell
L | side length [m] ) heat supplied from the horizontal
bottom surface
L. Critical side length [m] for onset BCC | body-centered cubic
of natural convection
M | Material dependent term of RD c critical value
Ratio between M at a given
temperature and the value of M
M' | assumed at the melting DS direct simulation
temperature of the molten (PCM,
paraffin) phase
n Number of stacked cells eff effective value
P Pressure [Pa] FCC | face-centred cubic
R? | Coefficient of determination [-] high high-conductivity phase
Re | Reynold number [-] J j™ phase
T | Temperature [K] LMC | lattice Monte Carlo
Tb | Boiling temperature [K] low low-conductivity phase
Greek symbols Met metallic phase of composites




788

789
790
791

normalized effective thermal

M | Dynamic viscosity [Pas] NETC o
conductivity
p Density [kg/m?] PCM | phase change material
Average velocity of the liquid ]
u PPI pores per inch
[m/s]
o | Thermal diffusivity [m?/s] Rp Rayleigh-Darcy number

Coefficient of volumetric thermal ) )
B ) SC simple cubic
expansion [1/K]

maximum relative error
o o _ TES | thermal energy storage
considering K’y instead of K’1 [-]

) heat supplied horizontally from one
A | Difference

-

lateral vertical surface

a)

Figurel a) Schematic representation of the interconnected spheres in a BCC structure (volume
filled by the PCM); b) Al unit inverse BCC cell for the two extreme cases; ¢) geometrical

definition of h.
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793  Figure 2 Correlation between porosity € in (inverse) BCC structure and the sphere diameter to
794 lattice length ratio (d/L). Datapoints refer to data derived from Eq.5, while curves refer to the

795  best fit equations in different porosity ranges (Eq.6-8).
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797  Figure 3 Temperature-dependence of thermophysical properties of paraffin C1gHsg and CogHsg.

798  a) Density and specific heat; b) Thermal conductivity and dynamic viscosity
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Figure 4 Normalized effective thermal conductivity (NETC) of composite structure with an
open-cell porous structure at different porosity (volume fraction) €. Fig. 4b illustrates the data
of Fig. 4a in the high porosity- low NETC range. The combinations of paraffins, air or water
and the metallic structures used are given in the legend (the same for both plots). The literature
works where data have been obtained can be derived from apex numbers as follows: 1 refers
to [23], 2is [10], 3 is [42], 4 is [40], 5 is [36], 6 is [43], 7 is [44], 8 is [45] 9 is [34].
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Figure 5 a) Temperature-dependence of material-dependent term M’ for composite PCMs
formed by paraffins C1gHasg or CasHsg and Al porous structure with porosity in the range 0.7-
0.95. Ref corresponds to the case of M’ calculated considering all properties constant at Tm
with the only temperature-dependence associated with the dynamic viscosity b) Temperature-
dependence of the M’ in the temperature range from Tm t0 Tm+100K for C1gHzs or CagHss.
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Figure 6 Geometrical model for unit cell of PCM composites used for DS simulation and

boundary conditions set to evaluate the permeability K.



815

816
817
818
819

820

821

822
823

25

DS L=5 mm .
DS L=1mm !
DS ref' '
Exp,75um ref? o
Exp,400um ref®
Fitting Eq* v
|l--- Fitting Eq® | Vg
- Fitting E¢° | v

20

0B g D% %

15 4

10

Normalized permeability (K'x107) [-]

0.65 0.7-0 0.|75 0.80 O.I85 0.90 0.95 1.00
Porosity (&) [-]

Figure 7. Normalized permeability vs porosity correlation. Datapoints of the present study

given in terms of side length L=1 and L=5mm are compared to experimental data for pore

diameters 75 um and 400 um (3:ref[47]), literature DS results (1: ref[12] 2:ref[10]).The best

fit equation 4 refers to Eq.21, 5 is Eq.22, 6 is Eq.23.
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Figure 8 Normalized permeability ratio K’»/ K’ vs. number of stacked cells for BCC structure
for porosity of 0.7 to 0.96 (a) and relative error 6 obtained considering K’» instead of K’1,

representing the maximum relative error for porous structures of finite thickness.
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Figure 9 Correlations between the critical length Lc and porosity for a reference case (Al/C1gHss
paraffin, H=25 mm and AT=10 K) in the case of specimen laterally heated are compared to
situations where different paraffins (a), different specimen thickness H (b) or different
temperature difference across the specimen (c) are set. (d) shows L¢-¢ in terms of the average
temperature gradient AT/H for H=25 mm or 5 mm. In plots a-c lines corresponding to Rp
calculated using K’ for a single (wide) range of porosity are plotted in solid lines (referred as
‘single’ in the legend), those corresponding to K’« calculated separately for low-and high-
porosity range are plotted as dashed lines (referred as ‘low+high’ in the legend). Lines in (d)

only refer to single range description of K’«.
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836  Figure 10 Set 1 PCM composites experimentally tested by Lafdi et al. (reprinted from [25],
837  with the permission of AIP Publishing) by heating them on vertical surface, shown on the left-
838  side in these images. For each specimen, the distance arrow is added to show how values of H

839  are derived.
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841  Figure 11 Correlations between porosity € and the critical length L. (or corresponding pore size
842  PPI) above which natural convection occurs for the experimental tests carried out by Lafdi at
843  al. [25], compare to points corresponding to samples with the specific porosity and PPI. The

844  sample with open symbol, laying below the corresponding line, displays no convection.
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