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H I G H L I G H T S

• Analyses of Latent Heat Thermal Energy Storage Systems based on a Phase Change Material.• Enthalpy-porosity model to describe the melting of the PCM in metal foams.

• The metal foam is modelled by Darcy-Forchheimer law and in local thermal equilibrium.

• Comparisons are made between clean cases and porous cases for the different porosities.• Results show that the presence of metal foam improves the overall heat transfer rate.
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A B S T R A C T

The paper analyzes the behavior of a Latent Heat Thermal Energy Storage system (LHTES) with a Phase Change
Material (PCM), with and without aluminum foam. A numerical investigation in a two-dimensional domain is
accomplished to investigate on the system thermal evolution. The enthalpy-porosity method is used to describe
the PCM melting. The open-celled aluminum foam is described as a porous medium by means of the Darcy-
Forchheimer law. A hollow cylinder represents the considered thermal energy storage and it consists of the
enclosure between two concentric shell tubes. The external surface of the internal tube is at assigned tem-
perature with a value greater than the melting PCM temperature, while the other surfaces are adiabatic. Local
thermal equilibrium (LTE) is numerically adopted for modelling the heat transfer between the PCM and the solid
matrix in aluminum foam. In the case with metal foam, simulations for different porosities are performed. A
comparison in term of liquid fraction, average temperature of the system, temperature fields, stream function
and a performance parameter are made between the clean case and porous assisted case for the different por-
osities. A scale analysis is developed for evaluating the time and the melting zone in different regimes (i.e.
conduction, mixed conduction-convective and convective) during the melting processes of the PCM in porous
media. Numerical simulation shows that aluminum foam increases overall heat transfer by a magnitude of two,
with respect to the clean case.

1. Introduction

The environmental problems, the high cost of energy and the con-
tinuous and growing energy demand are important issues occupying a
wide part of the scientific research. The main problem is to avoid
wasting excess energy therefore it is important to design, construct and
use a buffering system to reduce the gap between the supply and the
energy demand. A Latent Heat Thermal Energy Storage System

(LHTESS) can operate like a buffer system [1] since it stores thermal
energy in surplus and then releases energy when it is required. For
example, the installation of a LHTESS in a thermal solar plant has an
important advantage because it can fill up the temporary absence of the
energy supply, for example in the cloudy days. The latent heat thermal
energy storage system (LHTESS) is based on the phase change materials
(PCMs) [2,3] where the phase-change process can be utilized to absorb
and release thermal energy related to high latent heat value of the
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material. The PCMs are widely utilized for thermal storage system due
to their capability of storing energy with a nearly constant temperature
and for their high energy stored density values, as reported in various
books related to thermal energy storage system [4,5], power generation
and heat supply [6], sustainable energy [7,8] or reported in various
reviews for different applications such as electricity generation and
road transportation [9], demand-side management [10], solar plants
[11], HVAC systems [12], building [13], solar cooling [14], heat pump
[15], desalination processes [16] and data center thermal management
[17].

There are mainly three types of PCMs: organic [18], inorganic
[19,20] and eutectic. A good compromise is found in the organic PCM;
in paraffin wax, because it presents a high latent heat, it is non-toxic,
non-expensive [52] in respect to the other PCMs and chemically stable
and abundant in nature [21]. However, the main weakness is the low
thermal conductivity value and this leads the whole thermal storage
system to be ineffective, from an engineering standpoint, because of the
long and not-controlled time for melting. Such problem can be over-
come with different enhancement techniques [22] such as metal foam
[23], micro-capsulation [24], carbon-fiber brushes [25], expanded
natural graphite (CENG) matrix [26]. In particular, the use of the metal
foams seems to be a good solution to improve the thermal conductivity
of the whole system. A comparative work between two enhancement
technique was accomplished by Chow et al. [27]. The first enhance-
ment technique employs PCM encapsulated in smaller tanks of different
geometrical configurations. The second enhancement technique is
based on metal foam. By the results, it seems that the metal foam was
the best enhancement technique in terms of thermal conductivity.

Zhao et al. [28] experimentally examined the organic paraffin wax,
inorganic hydrate salts and inorganic sodium nitrate with metal foams
and expanded graphite. Their results showed that the metal foam pro-
vides better heat transfer performance but reducing the buoyancy effect
of the liquid PCM.

Tian et al. [29] numerically studied the natural convection effects

on heat transfer behavior for PCM in presence of metal foam. Two cases
are investigated, one with metal foam and the other without metal
foam. By the results, the presence of metal foam suppresses the natural
convection of PCM in the liquid phase, nevertheless the overall heat
transfer performance is improved.

An experimental investigation was accomplished by Zhao et al.
[30], where the PCM in metal foam is heated for charging process and
then it is cooled for discharging process. The metal foam is a copper
foam and the PCM is the RT58 paraffin wax, employed for low-tem-
perature storage application. By the results the presence of metal foam
is very significant because the heat transfer rate could be augmented
between 5 and 20 times. The numerical investigation of a similar work
with the same material was accomplished in [31], where it is showed
that the metal foam increases the melting time.

An experimental and numerical investigation was carried out by
Siahpush et al. [32] to determine the heat transfer enhancement in a
thermal energy storage system in cylindrical geometry employing
copper foam in local thermal equilibrium (LTE) assumption. Zhou et al.
[33] experimentally investigated the heat transfer performance of PCM
embedded in open-cell metal foams and expanded graphite. The results
showed that the overall heat transfer rate improves especially with
metal foam. A comparison between experimental and numerical study
on PCM melting in metal foam was performed by Chen et al. [34] using
the Lattice Boltzmann method. A numerical investigation to study an
LTESS embedded with heat pipes and PCM in metal foam for con-
centrating solar power system was accomplished by Nithyanandam and
Pitchumani [35]. Enthalpy porosity method was employed in numerical
model for both charging and discharging phases of the system. Simu-
lations at varying the parameters of metal foam and arrangements of
heat pipes were performed. A three-dimensional model to study an
LHTESS embedded with PCM in metal foam and with fins was pre-
sented by Sundarram and Li [36]. LTE model was assumed, and term
was added in the momentum equation to take into account the Darcy-
Forchheimer law and natural convection in the liquid part of the PCM.

Nomenclature

Amush mushy zone costant [kgm−3s−1]
c specific heat [J kg−1 K−1]
CF inertial drag factor
D length of diffusion region [m]
df ligament diameter [m]
dp pore diameter [m]
E specific enthalpy [J kg−1]
Fo Fourier number
g gravity acceleration [m s−2]
H height of LHTES [m]
HL latent heat of PCM [J kg−1]
k thermal conductivity [Wm−1 K−1]
K permeability [m2]
L characteristic length [m]
p pressure [Pa]
q performance parameter [Eq. (14)]
Ra Rayleigh number
r radial cylindrical coordinate [m]
ri internal radius of LHTES [m]
re external radius of LHTES [m]
S source term [Eqs. (5)–(6)]
tc initial time of convection [t]
t time [s]
T temperature [K]
T* non-dimensional temperature
Tsolidus solidus temperature [K]
Tliquidus liquidus temperature [K]

Twall wall temperature [K]
u r-component velocity [m s−1]
w z-component velocity [m s−1]
z axial coordinate [m]
zL vertical thickness [m]

Greek Symbols

α Thermal diffusivity [m2 s−1]
β liquid fraction [Eq. (1)]
δ layer of thickness [m]
γ thermal expansion coefficient [K−1]
ε porosity
μ viscosity of PCM [kgm−1 s−1]
ρ density [kgm−3]
ω pore size [Pore per Inch (PPI)]

subscripts

0 operating
eff effective
i initial
m melting
mf metal foam
p phase change material
r radial
Δt time step
W wall
Z axial
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A shell-and-tube LHTESS was investigated by Liu et al. [37]. The
melting process of the PCM in aluminum foam was numerically ana-
lyzed to evaluate the porosity and pore size of the foam effects on
thermal performances. Tao et al. [38] numerically investigated a system
with PCM in metal foam for different porosity and pores per inch (PPI).
An optimum structure of metal foam with porosity and pore density
equal to 0.94 and 45, respectively, was achieved in terms of the fol-
lowing storage behaviors: heat capacity, density and PCM melting rate.
A numerical and experimental investigation on heat transfer char-
acteristics of the PCM embedded in a metal foam was reported by
Zhang et al. [39]. Local Thermal Non-Equilibrium (LTNE) assumption
was used to model the thermal behavior of the PCM in metal foam. The
comparison between experimental measurements and numerical si-
mulations was acceptable. Yang et al. [40] presented a transient
mathematical model to study the influence of the porosity variation on
the thermal behavior of a system based on PCM, numerically. The re-
sults indicate that with the varying porosity, there is a beneficial effect
on the melting rate. A shell-tube arrangement of a Latent Heat Thermal
energy system with PCM embedded in metal foam is carried out by Atal
et al. [41] in experimental and numerical ways for different porosities
(95% and 77%). The results show that, the lower-porosity foam has a
faster charging and discharging time cycle in relation to the higher-
porosity foam, and this is a consequence of higher overall thermal
conductivity associated with the lower porosity foam. Moreover, the
experimental results are in agreement with the numerical simulations.
A numerical study on PCM with porous matrix for a cylindrical con-
figuration in horizontal configuration is accomplished in Mesalhi et al.
[42], where they stated that the presence of the porous matrix increases
the melting rate of the PCM, especially for lower porosity. Kumar et al.
[43] have accomplished an exergy and energy analyses of shell and
tube type latent heat thermal storage systems (LHTES) for solar thermal
power plant for charging and discharging cycles. The system is im-
proved applying a metal matrix and by the results at low porosity the
system is more efficient, in particular the entropy generation is minimal
for porosity set to 0.85. A similar study was accomplished in [44] with a
variable porosity function and by the results it is possible to reduce the
storage volume with variable porosity of the porous media obtaining
the same performance. A shell-and-tube latent heat thermal storage
system was experimentally investigated using paraffin wax as PCM in
Yang et al. [45]. A differential scanning Calorimetry was employed to
characterize the thermal properties of the PCM, such as latent heat and
melting temperature range. Copper foam is employed to improve the
properties of the system. Different heating temperatures and flow rates
are investigated. By the results, the temperature distributions in the
system have shown a more uniform distribution with metal foam than
with the pure paraffin. Moreover, the melting time is shorter by one
third of the pure paraffin system with the same operating conditions.
Wang et al. [46] have accomplished an experimental test system with
paraffin and metal foam on a uniform temperature heating platform. A
comparison with numerical results is also made and the temperature
values calculated by the numerical model are in agreement to the
temperature measurements carried out for the second stage of the
melting process, but the first stage presents a deviation. This could be
explained by the copper foam oxidation and by the non-uniform par-
affin melting. Huang et al. [47] have characterized a Myristyl alcohol
(PCM) with metal foam to determine the thermal properties of PCM/
metal foam during solidification and melting changing phases. They
analyzed the chemical structure using a Fourier transformation infrared
spectroscope (FT-IR), the X-ray diffractometer for the crystalloid
structure, a Scanning Electron Microscope for the morphologies and a
thermogravimetry for the thermal stability. It was found that: no che-
mical interaction takes place between PCM and metal foam, there is a
slight decrease of the latent heat, a slight increase of melting tem-
perature when the metal foam is present, with steady stability. Melting
process of paraffin on metal foam has been numerically investigated in
a 3D model by Zhang et al. [48], using two types of structures of metal

foam skeletons, body-centered cubic BCC and face-centered cubic FCC
in order to visualize the velocity field at pore scale. An experimental
setup has been also set to validate the model. The results show that BCC
and FCC structures shorten the melting time by 26% and 28%, re-
spectively. A numerical analysis of a 2D box with PCM and metal foam
has been investigated by Zhu et al. [49]. The improvement technique
consists adding fins and metal foam with graded porosity. A Local
Thermal Non Equilibrium assumption is considered. By the results, it
seems that the gradient porosity has a small effect on melting rate. A
three-dimensional numerical model has been investigated in Zhang and
He [50] with two types of metal foam with a gradient porosity. Heat
flux at the left side of the box was induced, while the other surfaces are
adiabatic. Results show that, the heat conduction phenomenon plays a
key role in the heat transfer processes; the metal foam with gradient
porosity has the major heat storage rate compared to the constant
porosity foam. A paraffin/copper foam composite PCM in a rectangular
enclosure made of Plexiglas has been numerically and experimentally
investigated in Zhang et al. [51] The mathematical model includes the
enthalpy-porosity method and the Local Thermal Non-Equilibrium as-
sumption is employed. By the results, there is a reasonable agreement
between numerical model and experimental setup. The effect of the
height ratio between the copper foam and the heat sink with PCM has
been studied in Zhu et al. [52] The height of copper foam varies be-
tween 0 (no metal foam) and 20mm (the height of the heat sink). The
bottom surface is heated and the other surfaces are thermally insulated.
The results showed that higher height ratios improve the thermal per-
formance of the heat sink but increase the weight and the costs of the
whole system. Yang et al. [53] studied numerically an LHTES device
with a composite structure employing both fins and copper foam. It was
found that the combined use reduced the charging and the discharging
times significantly. One of the first investigation on PCM in metal foam
to enhance the effective thermal conductivity was accomplished by
Krishnan et al. [54]. They underlined that the PCM in metal foam can
determine a less overheating though at steady state the system has a
lower melt volume fraction. More recently, the charge and discharge
phases of an LHTES was studied by Buonomo et al. [55] for a shall a
tube geometry and the analysis was provided considering an LTNE
model. A parallelepiped TES with internal tubes and nano-PCM in
aluminum foam was numerically investigated by Buonomo et al. [56].
It was found that the presence of Al2O3nanoparticles did not improved
the thermal behaviors of the LHTES for the examined volumetric con-
centration.

In Table 1, the reviewed papers are summarized, and it is observed
that there is a lack of numerical investigations on LHTES systems with
metal foam embedded in PCM for a cylindrical geometry. The present
configuration has various applications as latent thermal storage mainly
in solar energy systems at different operation temperatures from low
ones to high ones, as given in [3,32,37,41,57]. This convinced the au-
thors to examine the phenomenological aspects of this configuration
related to the low operation temperature solar energy systems devel-
oping a scale analysis.

In the present investigation, an LHTES system is numerically stu-
died. Specifically, the study is focused on a vertical hollow cylinder
filled up with PCM and an assigned temperature on the surface of the
internal cylinder and assuming that the heat transfer towards the ex-
ternal ambient is negligible. A scale analysis is developed to estimate
the main parameters in the different regimes/regions during the
melting processes of the PCM in porous medium. Simulations for dif-
ferent porosity values, at assigned pores per inch (PPI) equals to 20, are
carried out. The results are shown in terms of melting time, average
temperature of the system, and a performance parameter.

2. Geometrical and physical models

The LHTES system and its geometrical configuration, a hollow cy-
linder under investigation are shown in Fig. 1. The cylindrical domain is
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Table 1
Summary of open literature for Latent Heat Thermal Energy Storage with PCM.

Ref. (year) Exp/Num Configuration
system

PCM PCM
Latent
Heat
[kJ kg−1]

Melting Mean
Temperature
[K]

PCM Thermal
conductivity
[Wm−1 K−1]

Method for
phase
change
process

Improvement
technique

Material of the improved
material

[21]
(2004)

Both Cealing Panel
with fin

-Hexadecane
-Heptadecane
-Octadecane

236
214
244

291
295
301

0.17–0.26 Stefan
problem

fins –

[27]
(1996)

Num. Cylindrical/shell Lithium
hydride (LiH)

258 958 4.2 finite-
element
method

-Encapsulation
-Metal foam

Nickel

[28]
(2010)

Exp Box -paraffin RT27
-hydrate
calcium
chloride
-sodium nitrate

179
190.8
173.3

300
302
580

Solid: 0.24
Liquid: 0.15
Solid: 1.09
Liquid: 0.54
Solid: 0.50
Liquid:0.553

– Metal foam
expanded graphite

Copper
Steel alloy
Graphite

[31]
(2009)

Both Rectangular Paraffin RT58 181 331 0.2 Moving
melting
interface

Metal foam
(LTE)

Copper

[29]
(2010)

Both Rectangular Paraffin RT58 181 331 0.2 Stefan
problem

Metal foam
(LTNE)

Copper

[30]
(2010)

Both Rectangular Paraffin RT58 181 331 0.2 Enthalpy-
porosity

Metal foam
(LTNE)

Copper

[24]
(2009)

Exp Characterization
work

n-Octacosane 86.4 323.6 – – Microencapsulation polymethylmetracrylate
(PMMA)

[25]
(2003)

Both heat exchanger Paraffin wax 180 319.5 0.21 solid
0.12 liquid

apparent
specific heat

Brushes Carbon-Fiber

[26]
(2001)

Exp Cubic box -Aldrich
Paraffin wax
-Fluka Paraffin
wax
-Hexadecane

– 349.5
264
291.1

0.24 – Expanded graphite
powders

Graphite

[32]
(2008)

Both Cylindrical eicosane – 309.5 0.423 – Metal foam
(LTE)

Copper

[33]
(2011)

Exp. Rectangular -Paraffin RT27
-calcium
chloride
hexahydrate
(CaCl2-6H20)

184
109.8

298–301
302

0.24 solid
0.15 liquid
1.09 solid
0.54 liquid

– Graphite powder
Copper metal foam

Expanded graphite
Copper

[34]
(2014)

Both Rectangular Paraffin 120. 328–333 0.22 Lattice
Boltzmann

Metal foam
(LTE)

Aluminum

[35]
(2014)

Num. tube-in-shell 56% Li2CO3-
44% Na2CO3

370 769.15 0.77 Enthalpy-
porosity

Metal foam
(LTNE)

–

[36]
(2014)

Num. Rectangular Paraffin 180 321–335 0.2 Apparent
specific heat
(Heaviside)

Metal foam
(no porous media
formulation)

Aluminum

[37]
(2013)

Num. 3D Cylindrical Paraffin RT58 181 321–335 0.2 Enthalpy-
porosity

Metal foam
(LTNE)

Aluminum

[38]
(2016)

Num. Square Paraffin 102.1 327 0.2 Lattice
Boltzmann

Metal foam
(LTNE)

Copper

[39]
(2015)

Both Rectangular plate Paraffin – – – Enthalpy-
porosity

Metal foam
(LTNE)

Copper

[40]
(2015)

Num. Rectangular sodium nitrate 178 579.15–580.15 0.51 Enthalpy-
porosity

Metal foam
(LTE)

Copper

[41]
(2016)

Both Shell-and-tube
arrangement

Paraffin 117 328 0.25 Enthalpy-
porosity

Metal foam
(LTE)

Aluminum

[42]
(2005)

Num Shell-and-tube
arrangement

Pr= 46.1 – – – Stefan
problem

Porous matrix
(LTNE)

–

[43]
(2016)

Num. Shell-and-tube
arrangement

Organic A164 249.7 441.8 0.425 Enthalpy-
porosity

Metal foam
(LTNE)

Stainless steel
SS316

[44]
(2018)

Num. Shell-and-tube
arrangement

Organic A164 249.7 441.8 0.425 Enthalpy-
porosity

Metal foam
(LTNE)

Stainless steel
SS316

[45]
(2016)

Exp Rectangular box Paraffin 136.4 322 0.3 solid
0.1 liquid

– Metal foam Copper

[46]
(2016)

Both Rectangular box Paraffin 170.4 315.4 0.48–0.06
(from 298 K to
321 K)

Enthalpy-
porosity

Metal foam
(LTE)

Copper

[47]
(2017)

Exp. Characterization
work

Myristyl
alcohol

218.4 311.4 0.17 Enthalpy-
porosity

Metal foam Copper
Nickel

[48]
(2017)

Both 3D Box Paraffin 200 325–330 0.558 solid
0.355 liquid

Apparent
specific heat

Metal foam (Direct
simulation)

Aluminum

[49]
(2017)

Num 2D Box Sodium
Acetate

226 330–332 0.6 Enthalpy-
porosity

Metal foam
(LTNE)

Aluminum

[50]
(2017)

Num. 3D box Paraffin 200 325–330 0.588 solid
0.355 liquid

Apparent
specific heat

Metal foam
(LTE)

Aluminum

(continued on next page)
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given in Fig. 1a. The axial symmetry is assumed and the problem under
investigation is two-dimensional, as shown in Fig. 1b. The system, with
the height equal to H, is enclosed between an internal cylinder with a
radius equals to ri and an external cylinder with a radius equals to re, in
Fig. 1b. H is 100mm, ri is 2 mm and re is 12mm. The gravitational
acceleration g, is directed along the z-axis and the phase change ma-
terial (PCM) embedded in the aluminum foam are contained inside the
two vertical cylinders. The boundary conditions are an assigned tem-
perature, equals to 350 K, on the internal cylindrical surface, while the
external surfaces are assumed adiabatic, as reported in Fig. 1c. The
initial condition of temperature is 300 K.

The phase change material melts in a temperature range and the
“enthalpy-porosity method” is adopted, to model the two phases of
PCM melting and solidification, as given by Voller and Prakash [58]. In
this method, during the melting process, there is no clear separation
between the solid zone and the liquid zone but, a mixed solid-liquid

zone is present. To describe the mixed region, a new parameter is de-
fined, the liquid fraction, β. It expresses the ratio between the liquid
volume and the total volume of a cell of the mixed region. It has a value
between 0 and 1. The β value depends on the local temperature in the
cell and in particular:

= <
= < <

= >

T T
T T T

T T

0 for
for

1 for

solidus
T T

T T solidus liquidus

liquidus

solidus
liquidus solidus

(1)

β is 0 where the zone is totally solid, it is 1 where the zone is totally
liquid. In Eq. (1), T is the local temperature and Tsolidus and Tliquidus are
the solid and liquid phase temperatures, respectively. The part of the
domain below the first temperature is fully solid, while the part of the
domain above the latter temperature is fully liquid. The melting occurs
when the temperature is included between Tliquidus and Tsolidus. The

Table 1 (continued)

Ref. (year) Exp/Num Configuration
system

PCM PCM
Latent
Heat
[kJ kg−1]

Melting Mean
Temperature
[K]

PCM Thermal
conductivity
[Wm−1 K−1]

Method for
phase
change
process

Improvement
technique

Material of the improved
material

[51]
(2017)

Both Rectangular
Enclosure

Paraffin 175.24 327.6–337.3 0.3 solid
0.1 liquid

Enthalpy-
porosity

Metal foam
(LTNE)

Copper

[52]
(2018)

Exp. Rectangular
Heat sink

Paraffin 121. 319 – – Partially Filled
Metal Foam

Copper

57 [53]
(2013)

Num. Rectangular with
fins

sodium nitrate 178 579.15–580.15 0.51 Enthalpy-
porosity

Metal foam
(LTE) and fins

Copper

59 [54]
(2005)

Num. 2D non-
dimensional
Rectangular

– – – – Enthalpy-
porosity

Metal foam
(LTNE)

–

[55]
2017

Num. Shell-and-tube
arrangement

Paraffin 181 321–335 0.2 Enthalpy-
porosity

Metal foam
(LTNE)

Aluminum

[56]
2018

Num. Tubes in
parallelepiped

Nano-PCM
(paraffin and
Al2O3)

172 321–335 0.206 Enthalpy-
porosity

Metal foam
(LTNE)

Aluminum

Fig. 1. Latent heat thermal energy storage system geometry: (a) sketch of the thermal energy storage, (b) geometrical characteristics and (c) boundary conditions and
numerical domain.
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description of the enthalpy-porosity method, during the melting or
solidification, is completed considering a source term in the momentum
equation which takes account of the solid part of the mixed zone. In
fact, the mixed zone is modelled as a pseudo porous zone where the
liquid fraction represents the porosity.

In the examined problem it is important to estimate by means the
scale analysis, the order of magnitude of local temperature difference
between foam, solid matrix, and PCM in solid and liquid phase with
respect to total temperature difference. In a simple geometry as parallel
channel with metal foam and PCM the inertia term for the metal
component is c Vmf mf

T
t mf

G , where Vmf is the part of volume filled by the
metal and it is equal to (1− ε)Vt, ΔTG is of order magnitude of (Tw −
Tm). The local heat transfer at the interface between the metal and PCM
is A h T T( )sf sf mf p , where hsf is the convective heat transfer coefficient,
Asf is the exchange area and (Tmf − Tp) is the local difference of tem-
perature between the metal and PCM. The balance between the inertia
term and the local heat transfer is c(1 ) mf p

T
t

G∼a h T T( )sf sf mf p ,
with asf= Asf/Vt, and in the parallel channel system it is equal to

nl L L L(2 · )/( )r r z
2 , n is number of channels or cells. The dimensionless

time, Fourier number, is Fo=αt/Lr2 and it results that
T

T
mf p

G
, ∼ =

c
a h t

c
a h FoL

(1 ) (1 )mf mf

sf sf

mfF mf

sf sf

mf

r
2 . Considering the asfvalue, it is

T
T
mf p

G
, ∼ =

c L L
nlL h FoL

c L
nlL h Fo

(1 ) ( )
(2 )

(1 )
(2 )

mf mf r z

r sf

mf

r

mf mf mf z

r sf

2

2 and assuming Lz∼ Lr, it

is T
T
mf p

G
, ∼ k

nlFoh
(1 )
2

mf

sf
. The worst condition is when there is only conduc-

tion at the interface and hsf∼ kP/δP with δP∼ εLr/n, it
is T

T
mf p

G
, ∼ L k

n lFok
(1 )

2
r mf

P2 .

For cylindrical geometry it is l ∼ Lr∼ Lz and
T

T
mf p

G
, ∼ k

n Fo k
(1 )
2 · ·

mf

P2 .
Furthermore, for a square channel, the term related to the number

of cells is (2n)2 and the fraction has an order of magnitude n3, and in
the cubic geometry, the number of cells is of order n3 and the fraction
has an order of n4. If the number of pores per inch is equal to 20, it is
(20)4 then, the local thermal equilibrium is acceptable. Following this
hypothesis, the local thermal equilibrium is assumed.

The following hypotheses are assumed in the present study:

1) A two-dimensional physical model is considered enclosed in two
vertical coaxial cylinders.

2) The internal cylindrical surface is assumed isothermal and the ex-
ternal one is assumed adiabatic.

3) The Boussinesq approximation is used to simulate the natural con-
vection of the liquid phase.

4) The PCM thermal properties are assumed constant. They are eval-
uated in the solid phase at 300 K, during the melting at 321 K and in
the liquid phase at 335 K.

5) The metal foam is isotropic and homogenous and it is simulated as a
porous media.

According to the hypothesis from 1) to 5) the governing equations
are the following:

• The continuity equation
+ =

r r
ru w

z
1 ( ) 0

(2)

where u and w are the radial and axial velocity of the PCM in liquid
phase, respectively, and r, z are the cylindrical coordinates.

• The momentum equations [35]:

+ +

= + + + +

u
t

u u
r

w u
z

u

p
r

µ u
r r

u
r

u
r

u
z

S1

p

p
r

2

2 2

2

2 (3)

+ +

= + + + +

w
t

u w
r

w w
z

u

p
r

µ w
r r

w
r

u
r

w
z

S1

p

p
z

2

2 2

2

2 (4)

where ρp is the density of the PCM and it depends on temperature as-
suming the Boussinesq approximation, μp is the viscosity of the liquid
PCM, p is the pressure and vector Sr and Sz are the source terms defined
as [35]:

=
+

+ + +S A u
µ
K

u C
K

u u w(1 )
( 0.001)r mush

p F
p

2

3 3
2 2

(5)

=
+

+ + + +S A w
µ
K

w C
K

w u w g T T(1 )
( 0.001)

( )z mush
p F

p p

2

3 3
2 2

0

(6)

It is important to analyze the terms of Eqs. (5)–(6). The term related
to the enthalpy-porosity method is the first one and it simulates the
presence of the solid part in the mixed zone. Therefore, β indicates the
liquid fraction and 0.001 is assigned to avoid a division by zero when
the liquid fraction tends towards zero [35]. Amush is the mushy zone
constant and it represents the velocity damping to zero in the solidifi-
cation process [40]. The constant Amush does not affect the behavior of
the melting when there is a metal foam in the system. In fact, several
simulations have been performed in order to evaluate the effect of the
Amush but they have shown that there are no correlation and the results
are reported in Fig. 2. In Fig. 2a the results without foam are reported
and the dependence is evident. The results with the presence of the
metal foam in Fig. 2b, are not affected by the mushy constant value.

In this investigation, the value of mushy constant is assumed equals
to 105 kgm−3 s−1. The second and third terms simulate the presence of
metal foam as a porous media. In fact, the second term is Darcy law and
the third term is related to the Forchheimer law. The permeability of
the porous media is indicated by K and inertial drag factoris CF. For this
investigation, their values are in sync with the following equations
[59]:

=K
d
d

d0.00073(1 ) f

p
p

0.224
1.11

2

(7)

=C
d
d

0.00212(1 )F
f

p

0.132
1.63

(8)

with df and dp the metal foam ligament diameter and the pore diameter,
respectively. Another important quantity is the pore density ω which
represents the number of pores across one inch, pores per inch (PPI).
These characteristics are linked by [59]:

=
d
d e

1.18 1
3

1
1

f

p 1(1 )/0.04 (9)

=d 0.0224
p (10)

The last term in Eq. (6) takes account of the buoyancy effect, where
T0 is the reference temperature and γ represents the thermal expansion
coefficient.

• The energy equation with local thermal equilibrium assumption is,
[37]:

+ + = +c T
t

u T
r

w T
z

k
r r r

rT T
z

H
t

( ) 1 ( )eff eff p L
2

2

(11)

(ρc)effis a weighted average value, [37]:

= +c c c( ) (1 )eff mf mf p p (12)
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In Eq. (12), ρmf and cmf represent the metal foam density and spe-
cific heat, the metal foam porosity is ε and the density and specific heat
of PCM are indicated by ρp and cp. The effective thermal conductivity
keffis evaluated as, [37]:

= +k k k(1 )eff mf p (13)

with kmfand kp the metal foam and PCM thermal conductivities, re-
spectively. In Eq. (8) HL represents the latent heat of the PCM whereas t
is the time.

In the present work, the paraffin RT58 of the Rubitherm [60] is the
PCM and the metal foam is made of aluminum. The choice of aluminum
foam is dictated by its relative low cost, and its lower density and
weight, in relation to other materials.

Their thermo-physical properties are reported in Table 2. The
melting behavior is assumed linear as employed in [26–28,37].

To assess the efficiency of the system, a dimensionless parameter is
employed, as given by Yang et al. [53]. It represents the energy stored
in each assigned time step:

=q E E
H

t t t

L (14)

Et − Et-Δt represents the specific enthalpy variation in the time step Δt,
with HL the PCM latent heat of fusion and q is a performance di-
mensionless parameter.

3. Numerical model

The governing Eqs. (2)–(4) and (11) are solved by means of Ansys-
Fluent commercial code [61] which uses the finite volume method to
discretize the problem. The SIMPLE algorithm is employed for the
pressure-velocity coupling; PRESTO algorithm is used for the pressure
calculation. The high order term relaxation is set equal to 0.75 for all
variables, in order to avoid the numerical instability of the system. A
transient analysis is performed with a time step size equal to 0.05 s. The
convergence errors are assumed equal to 10−5, for continuity and
momentum equation, and 10−8, for energy equation. The numerical
grid is set of quadrilateral cells having a small size near the boundary
and a large size in the center of the grid with a maximum size ratio
equal to 2.

In order to check the accuracy of the results, a grid independency
analysis is performed with five discretization: 4× 10, 12× 30,
16× 40, 20×50, 40×100 nodes. The melting dimensionless time,
Fourier number, is considered to assess the grid independence com-
paring the values of the liquid fraction for each mesh and the results are
given in Fig. 3. A grid with 20× 50 nodes is employed to perform the
study and it represents the best compromise between the solution ac-
curacy and computing time.

A validation test comparing the model with the work of Krishnan
et al. [54] is carried out. The comparison is accomplished using the
same geometry, dimensions and limit conditions (initial and boundary
conditions), as well as the same properties and numerical grid given in
[54].

In Table 3 the deviation between the Krishnan et al [54] and the
present model is compared for different Fourier numbers, Fo. It shows
that the maximum deviation is lower than 3%. As shown in Fig. 4,
where T* is the non-dimensional temperature, X* is the non-dimen-
sional r length at midway of the numerical domain, Fo is the non-di-
mensional time:

= = =T T T
T T

X r
L

Fo
tk
c L

i

w i r

p

p p r
2

(15)

where Tw is the wall temperature and Ti is the initial temperature set to
300 K. Lr is a characteristic length of the system along the radial di-
rection. The reliability of the model is ensured.

4. Results and discussions

4.1. Scale analysis

Before presenting the results, a scale analysis is presented to explain
the melting phenomenon inside the system. The order of magnitude
estimation of the involved physical parameters can be provided by
means of the scale analysis. It allows to compare parameters such as
time, length scales in the different heat transfer regimes in the melting
of PCM in porous medium (metal foam) in the considered geometry and

Fig. 2. Liquid fraction for different Amush values: (a) CLEAN case and (b) PCM
in aluminum foam.

Table 2
Thermal proprieties of the paraffin RT58.

Properties Paraffin RT58
[52]

Aluminum foam
[53]

Density [kg/m3] 840 2719
Specific Heat [J/kg K] 2100 871
Thermal Conductivity [W/mK] 0.2 202.4
Dynamic Viscosity [kg/m s] 0.0269 –
Thermal expansion coefficient [1/K] 0.00011 –
Melting Heat [J/kg] 180,000 –
Solidus Temperature [K] (start melting

temperature value)
321 –

Liquidus Temperature [K] (end melting
temperature value)

335 –
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thermal boundary conditions. The analysis follows the one given in
[62–65] and it starts from the governing equations:

+ =
r r

ru w
z

1 ( ) 0
(16)

=u K
µ

p
rp (17)

=w K
µ

p
z

g T T( )
p

p m
(18)

+ +

= +

c T
t

c u T
r

w T
z

k
r r r

rT T
z

H
t

( )

1 ( )

eff p p

eff p L
2

2 (19)

From Eqs. (17) and (18) it results

=u
z

w
r

K
µ

g T
rp

p
(20)

The external temperature of the internal tube is assigned and equal
to Tw and greater than the melting temperature of PCM, Tm.

At the beginning, the process is dominated by the diffusion [65] and
u∼w∼0; consequently, the terms in energy Eq. (19), with reference
to Fig. 5, are

c T
t

k T
L

k T
L

H
t

( ) ; , ,eff eff
r

eff
z

p L2 2 (21)

with β∼D/Lr and Lr as reference length along the radial direction, re.
At the beginning, diffusion and melting have the same order of

magnitude (OoM) and

k T
L

H D L
t
/

eff
r

p L
r

2 (22)

with Fourier number and Stefan number defined as:

=Fo
t

L
eff

r
2 (23)

=Ste
c T

H
p

L (24)

It is

×D
L

Ste Fo c
c

( )
r

eff

p p (25)

For β∼1, D∼ Lr, it is

× ×D
L

Ste Fo c
c

D
L

Ste Fo c
c

( ) ( )
r

eff

p p r

eff

p p

2 1/2

(26)

For (D/Lr)∼ β, in diffusion region with D < Lr but Lr∼D, it is

× ×D
L

Ste Fo c
c

D
L

Ste Fo c
c

( ) ( )
r

eff

p p r

eff

p p

3 1/3

(27)

In a general form it is

× =D
L

Ste Fo c
c

( )
with n 1, 1

2
, 1

3r

eff

p p

n

(28)

It is interesting to observe that, it should be:

× ×Ste Fo c
c

D
L

Ste Fo c
c

( ) ( )eff

p p r

eff

p p

1/3

(29)

Fig. 3. Analysis of the dependence of results from the grid.

Table 3
Model Validation.

Fo T* [54] T* present model Error [%]

0.4 0.4854 0.4903 1.01
0.6 0.5719 0.5634 1.49
1.2 0.6011 0.5851 2.66

Fig. 4. Comparison with the results from Krishnan et al. [54] (points) and
present data (lines). T* is the dimensionless temperature and X* is the di-
mensionless length at half height.

Fig. 5. Cylindrical enclosure and geometrical lengths in scale analysis.
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After the diffusion region there is a transition/mixed region
[62–65]. At the commencement of melting, there is a balance between
the inertia and diffusion and from energy Eq. (19) it is:

=c T
t

k T
L

t L t L( ) and ( ) witheff eff
r

r

eff
r eff r r2

2
1/2

(30)

For melting stage, from Eq. (16) it is:
u
L

w
Lr z (31)

In this region, in a layer of thickness δr
u w

L
u
w Lr z

r

z (32)

Moreover, from Eq. (20) the orders of magnitude are:

u
L

w K
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g T, ;
z r p

p
r (33)

it is

u
w L

K
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g T
w L

K
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z p
p

r

z p
p

2

2
(34)

For δr ≪ Lz it is:

=w K
µ

g T
p

p
(35)

From energy Eq. (19), taking into account only the liquid part, it is
in terms of OoM

c T
t

c u T
L

c w T
L
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L

k T
L

( ) , , ; ,eff p p
r

p p
z

eff
r

eff
z

2 2 (36)

the diffusion is negligible, and the inertia term is compared to the
convection along the axial direction:

c T
t

c w T
L

( )eff p p
z (37)

Then Eq. (37) allows to evaluate the time, tc, needed to start the
convection:

t
c

c
L
w

( )
c

eff

p p

z

(38)

After this time, the significant terms are the convection along z
direction and diffusion along radial direction:

c w T
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2 (39)

and it results in:

=w
k

c
L
L

c
c

L
L

( )eff

p p

z

r
eff

eff

p p

z

r
2 2

(40)

from Eqs. (35) and (40)
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with:

=Ra
g T K L

µ
( )

K L
p z

p p
, z

(42)

From Eq. (42), it is, as general relation between the two char-
acteristic lengths along radial and axial directions and according to
[[64], Eq. (8)] for pure PCM,

L
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In the transition region it is Lr∼δr∼D
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(43a)

Eq. (43a) indicates that for assigned Rayleigh number, porous
medium and PCM the greater the aspect ratio the greater the thickness
δr and the convection is weak inside the PCM.

With Lz∼ z* and

= =Ra
g T K z

µ
Ra z

L
( )

K z
p

p p
K L

z
, , z

(44)

Eq. (43) provides

z
k
k

Rar eff

p
K z,

1
2

1
2

(45)

Considering Eqs. (28) with δr∼D, (43) and (44) in Eq. (45) it re-
sults in:
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(46)

As highlighted by Lorente et al. [65] for high enough Rayleigh
numbers in the upper part of the reservoir, a distinct layer of shallow
liquid is determined, as shown in Fig. 5. In this zone zL is the vertical
thickness and r is the penetration radius. The conservation of mass
demands:
u
r

w
zL (47)

The momentum equation (20), with the dominant component along
r, gives

=u
z

K
µ

g T
rL p

p
(48)

Moreover, the balance between diffusion and latent heat absorbed
at melting front can be written as:

k T
z

H z
t

z t
k T

Heff
L

p L
L

L
eff

p L (49)

Considering the energy Eq. (19) for liquid PCM inside the slender
cavity zone, the convective terms along the radial, r, direction is ba-
lanced by the diffusion terms along the axial, z, direction, it results in:

c u T
r

k T
zp p eff

L
2 (50)

And combining Eqs. (50) with (48) and (49), it is evaluated the
radial scale of penetration r
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(51)

With

=Ra
g TK

µK r
p

p p
,

The ratio between the two length scales in the horizontal slender
layer provides

z
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k
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RaL p

eff
K r,

1
3

1
3

(52)

Eq. (52) agrees with the results given by Lorente et al. [65].
It is interesting to observe from Eqs. (47) and (52)
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w
u

z
r
L

(53)

that the velocity along the axial direction is of the same order of
magnitude of the slender thickness.

Moreover,

=Ra Ra r
L

Ra L
LK r K L

z
K L

r

z
, , ,z z (54)

and from Eqs. (52) and (54)
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z

1
3

(55)

4.2. Numerical simulation results

The analysis is accomplished assuming a wall temperature on the
external surface of the inner cylinder, Tw, equal to 350 K and the in-
ternal surface of the external cylinder adiabatic. The simulations are
performed employing, in all cases, a PPI value of 20 and for different
porosity values of 0.80, 0.85, 0.90, 0.95, 0.97 and 0.99 and three value
of the difference between external and internal radius, Δr= 10mm,
20mm and 30mm.

The average value of liquid fraction and average temperature pro-
files, as a function of time, are presented in Fig. 6, for pure PCM
(CLEAN) case, and PCM in metal foam with several porosity values,
from 80% to 99%, for assigned difference between the external and
internal radii (re-ri) equal to 10mm, in Fig. 6a and b, and three different
Δr, in Fig. 6c and d.

The liquid fraction can be assessed as the ratio between the volume
of the liquid PCM in the mixed region and the total volume of the mixed

region. In Fig. 6a and c, the liquid fraction profiles are the average
liquid fraction inside the whole system, therefore they represent the
total volume of the liquid PCM inside the system. The diagrams, in
Fig. 6a, allow to compare the CLEAN case with the ones with porosity
here considered from 0.8 to 0.99. In Fig. 6a, the first difference between
the curves is the shift of the curves, which indicates that the curve with
the porosity equal to 80%, in Fig. 6a, has the fastest melting process
among all considered cases. This can be explained in terms of the
presence of the metal foam which increases the thermal diffusivity of
the whole system, and consequently, the thermal disturbance diffuses
faster. It is observed that the melting time, which is the time required to
obtain the complete melting, for the CLEAN case is greater than 4000 s,
while it is about 18 s for the case with the aluminum foam with the
lowest porosity of 80%. In Fig. 6a, it is observed that the porosity in-
crease delays the melting, i.e, it causes a slower melting and, conse-
quently, the liquid fraction increases less quickly as the porosity in-
creases. The effect of the metal foam is weaker as the porosity increases
and the lowest melting velocity is attained for a porosity equal to 1, i.e.,
the CLEAN case. The average liquid fraction diagrams present similar
curves and a first linear trend is observed with a greater slope for the
case with PCM in metal foam, in Fig. 6a. The second part of the curves
shows an increase in the slope, in Fig. 6a for the logarithmic scale.
Finally, there is a small part near the end where the slope tends to
decrease both for the CLEAN case and for the case with PCM in metal
foam. These three steps represent the average melting process inside the
thermal storage. In the first step the PCM is still solid and the melting
occurs near the heated wall. In the second step the PCM has a large
portion of the volume that is undergoing the melting process. During
the third step the melting is nearly completed.

In Fig. 6b, average temperature profiles as a function of time, are
compared and three regions are detected along the diagrams relating to

Fig. 6. Values of (a) average liquid fraction and (b) average temperature as a function of time for pure PCM or CLEAN case and PCM in aluminum foam with a
porosity from 80% to 99%, for (re− ri)= Δr= 10mm; (c) average liquid fraction and (d) average temperature as functions of time for the cases with PCM in
aluminum foam with a porosity of 80% and 95% and CLEAN (pure PCM) for Δr= 10mm, 20mm and 30mm.
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the CLEAN case and the aluminum foam cases, with the porosity from
80% to 99%. The three regions correspond to the ones identified for the
liquid fraction, in Fig. 6a, with the first region relating to a fully con-
ductive regime, without melting, the second region with the melting,
and the third region with an almost completely melted region. Porosity
affects the heat transfer behaviors by means of effective thermal con-
ductivity and diffusivity, as shown in Eq. (13) and in energy Eq. (11). In
fact, when the porosity increases, the effective thermal conductivity,
together with the thermal diffusivity, decreases as indicated in Eq. (13).
For this reason, more time is needed to arrive at the final temperature
value, consequently delaying melting for higher porosity, conversely, it
is observed that the lower the porosity, the lower the melting time. This
depends also on the lesser PCM quantity and the higher effective dif-
fusivity value which induces lower temperature differences inside the
reservoir.

Fig. 6c and d, show that, increase in the melting time, is attributable
to variations in the volume of storage, liquid fraction, as well as the
average temperature, thereof. Trends of the curves are similar for all
cases, but with an increase in the slope decreasing the difference Δr. It is
of importance to note the relationship between diagrams in Fig. 6c and
d, with table 4, where the melting time for the three Δr=10mm,
20mm, and 30mm, are indicated. For the case with PCM and foam, the
melting time increases 5 times passing from Δr= 10mm to
Δr=20mm and about 13 times passing from Δr=10mm to
Δr=30mm whereas it is 2.5 times passing from Δr=20mm to
Δr=30mm. In the CLEAN cases, the ratio is lower mainly between
Δr=10mm and Δr=30mm which is about the half of the previous
case with PCM and foam. For assigned Δr, the ratio between the melting
times of the cases with PCM and foam, with porosity equal to 80% and
95%, is constant. This shows that during the melting process, the con-
duction is significantly dominant, and the value of the ratio stands at
about 4.4. This value is almost equal to the reciprocal of the ratio be-
tween the effective conductivities for the porosities equal to 80% and
95%, which are equal to about 40WK−1m−1 and about
10WK−1m−1, respectively. The ratios between the CLEAN cases and
with PCM and foam, decrease, as Δr increases which point to an in-
crease in natural convection related to a Δr increase. This ratio is
smaller for higher porosity values.

Local analysis by means of liquid fraction, temperature and stream
function fields facilitate an understanding of the differences between
the behaviors of the CLEAN case and the one with metal foam, at lowest
porosity of 0.8. In Fig. 7, the liquid fraction for pure PCM (CLEAN case)
and PCM in metal foam, with a porosity equal to 0.8, is shown for three
different times, referring to the melting times, tm, τ=t/tm= 1/100, 1/
4 and 1/2, and for Δr= 10mm, 20mm and 30mm. The liquid phase is
placed to behind the curve at 0.98, on the left of the pink line. The solid
phase is placed before the line at 0.05, to the right of the blue line. The
other colors indicate the mushy zone. The different shapes of the
melting zone depend on the balance between the conduction phe-
nomenon and the natural convection phenomenon as elucidated in the
scale analysis. In fact, for the CLEAN case, after a few seconds, the
natural convection is dominant, but for the case with metal foam, the
conduction prevails, and the natural convection is not present or is
negligible also for the largest reservoir, as shown in the fields given in
Fig. 7f.

In details, in Fig. 7a, some liquid fraction distributions for the
CLEAN case at Δr= 10mm, which corresponds to an aspect ratio, (re −
ri)/H=0.10, are reported at 46 s, 1150 s, and 2300 s. The first dis-
tribution, after 46 s, shows that the liquid fraction is very close and
parallel to the internal heated cylinder, the melting zone is vertical with
a very small and uniform liquid thickness. Then at the early stages, the
regime is only conductive. This is in agreement with the scale analysis
for the conduction/diffusion region. After that, in Fig. 7a, the natural
convection becomes dominant, causing a bending of the melting zone.
In fact, after 1150 s the liquid fraction shows that, in the upper zone,
natural convection develops and the melted zone is very similar to the
sketch given in Fig. 5, increasing the time the melting develops along
the axial direction, and filling the breadth along the radial direction. At
2300 s the melt is almost present in the half reservoir and the mushy
zone is in the other part of the volume. A completely different char-
acterization of the melting zone is observed in Fig. 7d, for PCM and
metal foam with Δr=10mm. This is due to the fact that the phase
change is uniform along the vertical direction, for all times. This implies
that significant reduction in the melting time is linked to effective
thermal diffusivity increases, whereas, the convective motion is negli-
gible. For higher Δr, equal to 20mm and 30mm, in both cases with and
without foam, the phenomenological aspects are the same. The devel-
opment of liquid fraction, reported in Fig. 7b and c, shows, for the
CLEAN case, at the early stages, in Fig. 7b. The field develops in a si-
milar way as the previous case with a lower aspect ratio. This indicates
that the motion inside the melt close to the inner tube is negligible and
the phenomenon is mainly conductive. Moreover, it is similar to a semi-
infinite solid and one-dimensional along the radial direction. The nat-
ural convection and the subsequent melting process are less developed
with respect to the previous case because there is more mass and the
time to complete the melting is higher than the one with lower aspect
ratio. From those fields it seems that the melting process along the z
direction starts when the upper melting zone reaches the external
adiabatic surface. This is in agreement with the scale analysis related to
the results given in Eqs. (45) and (46). In fact, at the last considered
time, for the three CLEAN cases, in Fig. 7a–c, the slender cavity is de-
veloping downward. Also, for larger aspect ratio values, in the case with
metal foam, the melting process is dominated by diffusion, as it is noted
in Fig. 7e and f, and the natural convection seems negligible.

Temperature distribution as a function of time is similar to the li-
quid fraction fields, as shown in Fig. 8. In this figure temperature fields
are given for three periods, with reference to the melting time, τ= t/
tm= 1/100, 1/4 and 1, and for Δr= 10mm, 20mm and 30mm. In-
deed, the CLEAN case exhibits a uniform temperature field at the be-
ginning, with vertical isotherm lines, as shown in Fig. 8a, for
Δr= 10mm and t= 46 s. Later, the isotherm lines tend to bend be-
cause of the arising of natural convection, as shown in the frames for
t= 1150 s and 4600 s. Nevertheless, in the case with the metal foam the
temperature field, in Fig. 8d, presents vertical isotherms and moves in
the radial direction, confirming that the conduction is prevalent during
the phase change. In Fig. 8b and c, there are the temperature fields for
Δr= 20mm and 30mm. However, the temperature fields show the
distribution also inside the solid zone in the PCM, in Fig. 8a–c, and in
the PCM in the metal foam, in Fig. 8d–f. The fields confirm that the
initial stage is diffusive, as shown in the fields at lower time and they
are practically one-dimensional. At 158 s and 303 s, in Fig. 8b and c,
respectively, the incipient convection regime is started, and higher
penetration is developing on the top. The temperature distribution in
the solid zone presents some gradients due to the heat conduction. For
the lower aspect ratio and pure PCM, for t= 1150 s, in Fig. 8a, the
convective regime is dominant, where the temperature distribution
indicates that almost all points are close to the lower melting tem-
perature. In the geometry with higher aspect ratio, the temperature
presents distributions that allow to describe the development of the
slender cavity on the top region as clearer. The cases with foam, in
Fig. 8d–f, demonstrate that the fields are one-dimensional. The

Table 4
Melting time in seconds, s, for Clean and PCM with foam for two porosity va-
lues.

Δr [mm] ε=0.80 ε=0.95 Clean

10 17.5 s 77 s 4600 s
20 86.5 s 381 s 15780 s
30 220 s 973 s 30350 s
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dominant effect is only conductive with negligible natural convection
for both aspect ratios.

Another aspect related to the melting process is the analysis of
stream function fields, reported in Fig. 9. Their trends confirm the
previous considerations. In the CLEAN case for Δr= 10mm, in Fig. 9a,
the stream functions are parallel only at the onset, for t= 46 s
(τ=0.01), because the natural convection effect is negligible, but after
they tend to bend in the melting and liquid zones due to the natural
convection effect, as shown for t= 1150 s (τ=1/4) and 4600 s (τ=1).
The same consideration seems to hold for Δr= 20mm and 30mm, in
Fig. 9b and c. In agreement with the scale analysis, given in the pre-
vious section, the different configurations in the melting process are
observed mainly in the clean cases, with pure PCM. In Fig. 9a–c, the
development of natural convection that starts from the slender cavity
and after involves the entire cavity. In the case with metal foam, not
reported here, the stream functions are very small, thus, implying that
they may not have physical explanations.

In Fig. 10 the parameter q, as a function of time for different por-
osity values and CLEAN case, is given. The thermal parameter q is de-
fined in Eq. (14), with reference to an assigned time range, Δt, and it
represents the stored energy referred to the melting latent heat. It in-
creases in tandem with the speed of the fusion process. In this figure,
the results show that, the presence of metal foam improves the para-
meter q. Nevertheless, the trend is the same for all cases, except for the

final stage, where the CLEAN case presents a collapse of q greater than
the cases with metal foam. Moreover, it is observed that, without a
porous medium (the CLEAN case), the q value is less than 1 for all the
storage process here considered, both in the melting and sensible
heating phases. In the cases with porous medium it is observed that
q > 1 for the storage process with the porosity equal to 0.8, 0.85 and
0.9, whereas q presents values lower than 1 for ε=0.95 after Fo= 0.01
(t= 22 s) and for ε=0.97 after Fo= 0.021 (t= 8 s).

The analysis is completed considering two additional cases related
to the reservoir filled with pure PCM in a reduced volume of the re-
servoir. The volume of these two cases is the 80% of the volume of the
previous analyzed cases. To have the same amount of PCM, there is for
the case with a porosity equal to 80%. The volume reduction in one case
is obtained with the height of the reservoir equal to the 80% of the
previous cases and in the other case reducing the base area of the 80%
of the previous cases. The comparison is accomplished in terms of
average temperature profiles, reported in Fig. 11, as a function of the
time. It is observed that for the considered volume reduction, a higher
melting time is realized for the lower height. This can be due to a lesser
effect of the natural convection and a minor energy input. For the lower
base area case, the average temperature profile presents lower melting
time due to the lower value of the volume with the same energy input.
However, the order of magnitude of the melting time, in both cases, is
about the same with the CLEAN case with pure PCM.

Fig. 7. Liquid fraction fields for Clean and PCM with metal foam, three radius differences, Δr= 10, 20 and 30mm and three different time as fraction of melting time
τ=t/tm.
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5. Conclusions

A numerical investigation and a scale analysis of the behaviors of
latent heat thermal energy storage (LHTES) systems with phase change
material (PCM) embedded in an aluminum foam were carried out. The
storage was between two vertical coaxial cylinders. The enthalpy-por-
osity method to model the phase change process was employed and the
Darcy-Forchheimer law and local thermal equilibrium model were as-
sumed for the metal foam (aluminum foam). The results are shown in
terms of liquid fraction, temperature fields, and stream-function fields
as a function of time for the cases with and without the metal foam. The
effect of porosity was also evaluated for the case with metal foam. The
order of magnitude between the PCM-porous medium local tempera-
ture difference, and the global temperature difference, were estimated
by means of the scale analysis. It is shown that the difference in local
temperature in relation to the global temperature difference is less the
greater the number of pores per inch (PPI). In fact, for PPI= 20, the
local temperature difference with respect to the global temperature
difference is 10−4 of order of magnitude, and the local thermal equi-
librium assumption is satisfactory. Furthermore, the scale analysis re-
sults in terms of times and geometrical shapes related to the melting
process, are satisfactorily confirmed by numerical results.

Increase in porosity increases the melting time because of an ef-
fective thermal conduction decrease of the whole system. The presence
of metal foam significantly improved the heat transfer in the LHTES

system, giving a much faster phase change process with respect to pure
PCM, due to the dominant conduction phenomenon during the PCM
melting. The differences between the pure PCM case and the PCM in
metal foam with lower porosity shows that the melting time is about
4600 s, and about 20 s, respectively, with a difference of a two order of
magnitude for the lowest volume of thermal storage here considered
and about 30,000 s and 220 s, for the greatest volume under con-
sideration. It is crucial to note that the ratio between the melting time
for the CLEAN case, and for PCM and foam with lowest porosity de-
creases as the volume for assigned height increases, due to the high
natural convection effect.

Liquid fraction and temperature fields helped to detect the presence
of natural convection regime in pure PCM cases, whereas a complete
diffusive phenomenon was observed for the cases with metal foam. This
was confirmed by the stream function field. The different melting re-
gimes were also in tandem with the scale analysis results.

The results enable us to understand how to provide the appropriate
size of a storage system by means of the performance parameter “q”, in
order to obtain the guidelines to choose a storage system with metal
foam for a specific application, such as a solar energy system.

A lower volume with 80% of total volume in the CLEAN case pre-
sented a longer melting time for lower height and equal external cy-
linder base area, and a shorter melting time for lower base area and
same height with respect to the CLEAN case.

Fig. 8. Temperature fields for CLEAN and PCM with metal foam, three radius differences, Δr= 10, 20 and 30mm and three different time as fraction of melting time
τ=t/tm.
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Fig. 9. Stream Function fields for CLEAN cases with three radius differences, Δr= 10, 20 and 30mm and three different time as fraction of melting time τ=t/tm.
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