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ABSTRACT 
In this paper, a numerical investigation on Latent Heat Thermal 

Energy Storage System (LHTESS) based on a phase change 

material (PCM) is accomplished. The geometry of the system 

under investigation is a vertical shell and tube LHTES made 

with two concentric aluminum tubes. The internal surface of the 

hollow cylinder is assumed at a constant temperature above the 

melting temperature of the PCM to simulate the heat transfer 

from a hot fluid. The other external surfaces are assumed 

adiabatic. The phase change of the PCM is modeled with the 

enthalpy porosity theory while the metal foam is considered as 

a porous media that obeys to the Darcy-Forchheimer law. The 

momentum equations are modified by adding of suitable source 

term which it allows to model the solid phase of PCM and 

natural convection in the liquid phase of PCM. Both local 

thermal equilibrium (LTE) and local thermal non-equilibrium 

(LTNE) models are examined. Results as a function of time for 

the charging phase are carried out for different porosities and 

assigned pore per inch (PPI).  

The results show that at high porosity the LTE and LTNE 

models have the same melting time while at low porosity the 

LTNE has a larger melting time. Moreover, the presence of 

metal foam improves significantly the heat transfer in the 

LHTES giving a very faster phase change process with respect 

to pure PCM, reducing the melting time more than one order of 

magnitude. 

 
INTRODUCTION 
An important natural energy source is given by the sun with 

important peculiarities such as the absence of environmental 

pollution, a long term availability and a free energy source. 

Solar energy source is not continuous and stable and energy 

storage in a solar power system is a necessary process to align 

energy conversion with consumer demand. Hence, it is required 

to install a thermal energy storage (TES) working as a thermal 

buffer which allows to store thermal energy when acquirable 

and release it when there are energy source lacks. Another 

important aspect of TES is to prevent also the micro-pauses and 

the energy supply intermittences, even for short times. In such 

way, the system thermal inertia increases allowing to avoid 

continuous service gaps. 

There are three types of thermal energy storage systems 

(TESS): chemical energy storage system (CESS), sensible heat 

thermal energy storage system (SHTESS) and latent heat 

thermal energy storage system (LHTESS). The first system 

stores the heat through reversible chemical reactions, so when it 

receives heat the behavior of the chemical process is 

endothermic and when it releases heat the chemical process is 

exothermic [1]. The second system is based on increasing the 

temperature of the material that the system is made. The third 

system uses the phase change materials (PCMs) to store 

thermal energy at quasi-constant temperature. During the phase 

change process, the heat is used to change phase and not to 

increase the temperature [2]. The LHTESS presents many 

advantages such as high energy density, constant temperature 

and stability. It is possible to have three type of transformation: 

solid-solid phase change process, solid-liquid phase change 

process and liquid-gas phase change process [3]. 

Recently, TES is receiving a very large attention due to the 

huge applications, as shown in [1-22]. The solid-liquid phase 

change process is better than two other processes because it 

represents the best compromise between solid-solid and liquid-

gas phase change and it has a remarkable value of latent heat of 

fusion and a small volume variation. The use of PCMs allows 

to increase the energy efficiency because it gives the possibility 

of storing energy at a quasi-constant temperature with very high 

energy stored density values and stability. Moreover, one of the 

main aims is sizing and optimizing the LHTESS in order to 
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achieve the best possible solution taking into account also the 

thermal energy charge and discharge times in the storage. 

Often, the PCM is an organic material, such as paraffin, and it 

is not corrosive; the process of phase change is congruent 

without segregation of the material and nontoxic [23]. 

Nevertheless, the worse drawback of this material is the small 

value of the thermal conductivity, which requires a long time 

for melting and a broad difference of temperature in the system 

between the solid zone and liquid zone. To cover such 

inconvenience, a wide range of ameliorative solutions has been 

implemented to improve the rate of melting: finned tubes [24], 

metal foam [25] and injection of nanoparticles into PCM [26]. 

In particular, using of the open-cell metal foams improves the 

effective thermal conductivity of the whole system, because 

they have a large area of heat exchange and the base material 

has a high value of conductivity [27]. 

Krishnan et al. [28] studied numerically the phase change in a 

rectangular enclosure filled with a metal foam impregnated 

with PCM in local thermal non-equilibrium (LTNE) 

assumption. Siahpush et al. [29] accomplished an experimental 

and analytical investigation to determine copper porous foam 

effect on the heat transfer performance enhancement in a 

cylindrical solid/liquid phase change thermal energy storage 

system. The model was developed in local thermal equilibrium 

(LTE) assumption. Zhao et al. [25] investigated experimentally 

the solid/liquid phase change heat transfer in a copper foam 

with PCM, a paraffin wax RT58, in order to examine the 

usability of metal foams to enhance the heat transfer capability 

of PCM in the low-temperature thermal energy storage systems. 

Moreover, they developed also a two-dimensional numerical 

model in LTNE comparing the predicted results with the 

experimental data. An experimental investigation on copper 

foam with paraffin RT27 was carried out [30]. A two 

dimensional model on copper foam with paraffin RT58 in 

LTNE assumption was studied numerically in [31]. A 

comparison among PCM (sodium nitrate) in different metal 

foams or expanded graphite in a cylindrical tank was performed 

experimentally by Zhao and Wu [32]. An experimental study 

examining the heat charging process were carried out in [33] 

considering two conditions: paraffin filled with and without 

copper foam. A three-dimensional model to simulate a thermal 

energy storage system with PCM in metal foam and fins was 

presented in [34]. The natural convection in the liquid part of 

PCM was considered and volume-averaged mass and 

momentum equations were employed with the Brinkman–
Forchheimer extension to Darcy law to simulate the porous 

resistance. A local thermal equilibrium model was developed to 

obtain temperature field. A numerical model to evaluate the 

PCM melting process in aluminum foam was developed in 

[35]. The heat transfer enhancement by means of metal foam in 

a shell-and-tube LHTES unit was studied. A numerical analysis 

on the pore size and porosity effect  on the performance of 

PCM in microcellular aluminum foams was performed in [36]. 

A three dimensional finite element model was developed to 

study in LTNE. An experimental and numerical investigation 

on thermal energy storage with NaNO3/KNO3-PCM was 

presented in [37]. Results for a heat storage application with 

PCM tubular heat exchanger and metallic foam and metallic 

sponge to increase the effective thermal conductivity of the 

PCM were also considered. An experimental study on the 

melting behavior of PCM, paraffin wax, in aluminum foams 

was carried out at the pore scale in [38]. Moreover, a two 

dimensional numerical lattice Boltzmann model was also 

developed. The numerical results agree well with the 

experimental observations qualitatively. Xiao et al. [39] 

experimentally investigated the effect of open-cell metal foams 

embedded with pure paraffin. They concluded that the effective 

thermal conductivity was enhanced drastically by using metal 

foams in relation to the pure paraffin. 

A passive thermal management system for high powered 

lithium-ion battery packs using a sandwich structure combined 

with a PCM, paraffin, in copper foam was designed and 

experimentally investigated in [40]. A three-dimensional 

numerical model for a PCM in a heat sink with aluminum metal 

foam and crossed fins was provided in [41]. The porosity and 

the pores per inch of the foam were varied and natural 

convection were investigated. A cylindrical LTES component 

with eutectic salt (50 wt% NaNO3, 50 wt% KNO3) in two 

different metal foams (copper foam and nickel foam) were 

experimentally and numerically investigated by Zhang et al. 

[42]. Moreover, a three-dimensional model assuming the LTNE 

between the salt and metal foam was developed to evaluate the 

heat transfer behaviors. The melting process of paraffin in 

aluminum foam and its cooling effect on Li-ion batteries was 

experimentally studied in [43]. The effect of the addition of 

aluminum foam on temperature uniformity along different 

directions and the heat storage rate of the PCM was discussed. 

A numerical study on melting behavior of PCM in a copper 

foam was carried out in [44]. The effect of porosity was 

considered and the results showed an heat transfer enhancement 

during thermal energy storage and the optimization of porous 

media structure was found. The melting process and heat 

transfer behaviors of a porous medium filled with nano-PCM in 

an enclosure heated from the side was investigated analytically 

and numerically in [45]. A numerical analysis on three 

configurations of a thermal energy storage system with PCM 

was accomplished in [46]. The three configurations were made 

with pure PCM, with PCM in aluminum foam and with PCM in 

aluminum meshes. Moreover, a comparison between the 

configuration with aluminum foam and experimental data was 

provided. 

After the short review it seems to the authors' knowledge that 

there is a lack of information on numerical model in TES with 

PCM inside metal foams for a cylindrical geometry during the 

charging and discharging phases. It is important to provide 

information on thermal behaviors of this configuration in 

transient regime for a vertical coaxial cylinders configuration of 

a LHTES and evaluate the differences in terms of LTE and 

LTNE models. In this paper a LHTESS, in which aluminum 

foam is embedded with paraffin wax as PCM, is numerically 

investigated in two-dimensional model. The process of phase 

change is modeled with enthalpy-porosity method [47]. Darcy-
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Forchheimer law is employed for the metal foam part. Local 

thermal equilibrium (LTE) and local thermal non-equilibrium 

(LTNE) in term of melting time for metal foam is investigated 

and presented in this study. 

 

GEOMETRICAL AND PHYSICAL MODELS 
The geometry considered for the LHTES system is a vertical 

shell tube with two concentric aluminum tubes, as shown in 

Fig. 1. The length of the cylindrical system is 100 mm, the 

inner radius is 2 mm and outer radius is 12 mm, as reported in 

Fig. 2a. The domain is two-dimensional and the condition of 

axial symmetry is considered. The gravitational acceleration is 

along the vertical x-axis and the PCM with metal foam are 

included between the two cylindrical tubes as shown in Fig. 1. 

In the simulation, the inner surface is at a constant temperature 

T equal to 350 K while the other surfaces are assumed 

adiabatic, as shown in Fig. 2b. 

There are two methods, which can be used to simulate the 

melting and solidification of PCM as the temperature-based and 

enthalpy-based methods [48]. In the first method, there are two 

energy equations both solid phase and liquid phase of PCM, the 

solid-liquid interface position is known and marked. In the 

second method, the solid-liquid interface position is not 

explicitly known but there is a mixed solid-liquid phase zone 

that is described as a “pseudo” porous zone where the porosity 
is the liquid fraction, which indicates the fraction of liquid form 

in a cell of the mixed zone [48]. The value of the liquid 

fraction, ȕ, is 0 when the zone is fully solid, 1 when it is fully 
liquid and between 0 to 1 in the mushy zone: 
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 (1) 

 

where T is the temperature and Tsolidus and Tliquidus are the solid 

and liquid phase temperatures. The PCM melts in a range of 

temperature, where Tliquidus represents the temperature upper 

which every part of the PCM is in a liquid phase and Tsolidus is 

the temperature below which the PCM is fully solid. The solid-

liquid mixture zone exists in a range of temperature between 

Tliquidus and Tsolidus. 

A source term is added to the momentum equation to take 

account the presence of the solid zone. To assess the pressure 

drop caused by the porous media (i.e. metal foam), another 

source term is used in the momentum equation. Two models are 

considered to evaluate the heat transfer between PCM and 

porous media. The first model is the Local Thermal 

Equilibrium (LTE) assumption, it considers the PCM and 

porous media at the same temperature. The second model is 

Local Thermal Non-Equilibrium (LTNE) assumption, where 

porous media and PCM are not in thermal equilibrium and two 

energy equations should be written, one for PCM and other for 

porous zone [35]. 

 

 
FIGURE 1. GEOMETRY OF THE 
LHTES SYSTEM CONSIDERED. 

 

The hypothesis in the present study are the following: 

1) The physical domain is a two-dimensional vertical annular 

domain confined by two coaxial cylinders. 

2) The metal foam is isotropic and homogenous. 

3) The variation of density in the liquid PCM follows the 

Boussinesq approximation. 

4) The other proprieties of PCM are assumed constant. 

5) The boundary condition of the internal surface is an 

isothermal surface. 

According to the second hypothesis, to simulate the natural 

convection in the PCM a Boussinesq approximation is used, so 

the density of PCM varies with temperature: 

 

 0 0[1 ] T T      (2) 

 

  

(a) (b) 
FIGURE 2. SKETCH OF DOMAIN: (A) 

DIMENSIONS; (B) COMPUTATIONAL DOMAIN 
AND BOUNDARY CONDITIONS. 

 

3 Copyright © 2015 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/conferences/asmep/86900/ on 03/28/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 

where ρ and T are respectively the density and the temperature 
of the PCM, ρ0 and T0 are the operating density and 

temperature and Ȗ is the thermal expansion coefficient. 
The continuity equation is: 

 

( ) 0V


   (3) 

 

where V


 is the velocity vector of the PCM liquid phase. 

The momentum equation is [49]: 

 

   2V
V V V p S

t
 
 

       
 (4) 

 

Where μ is the viscosity of the PCM, p is the pressure and 
vector S  is a source term given as [49]: 
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 

 
2

03
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C
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K K

    
 


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
 (5) 

 

The first term on the right side models the presence of the solid 

part in the mixed region. In fact, ȕ is the liquid fraction,  is a 

small number (0.001) to avoid division by zero [49], Amush is 

the mushy zone constant which represents the damping of the 

velocity to zero during the solidification [48]. The second term 

is the Darcy term where K is the permeability of the porous 

media; the third term is the Forchheimer term, where CF is 

inertial drag factor. The last term on the right side of equation 

(5) is the buoyancy effect. 

The energy conservation equation for LTE model is, [35]: 

 

2  
eff pcm L

DT
c k T H

Dt t

  
  


 (6) 

 

where the product c  is calculated, [35]: 

 

 1  
m m pcm pcm

c c c      (7) 

 

where ρm and cm are respectively the density and specific heat 

of the metal foam, ε is the porosity of the metal foam and cpcm is 

the specific heat of PCM. keff is the effective thermal 

conductivity calculated as the weighted average of the 

conductivities of metal foam and PCM, [35]: 

 

 1
eff m pcm

k k k     (8) 

 

km e kpcm are respectively the thermal conductivities of metal 

foam and PCM. HL is the latent heat of the PCM and t is the 

time. 

The LTNE model treats the metal and PCM as two distinct 

elements no longer in thermal equilibrium. Therefore, there are 

two energy equations, for PCM the conservation energy 

equation is, [35]: 

 

 2

,( )
pcm

pcm pcm eff pcm sf sf m pcm pcm L

DT
c k T h T T H

Dt t

    
    


 (9) 

 

and for the metal foam is, [35]: 

 

 2

,(1 )( ) m

m m eff m sf sf pcm m

DT
c k T h T T

Dt
        (10) 

 

Where kpcm,eff and km,eff are, respectively, the effective thermal 

conductivity of the PCM and metal foam. The calculation of 

these parameters is described in Boomsma et al. [50]; hsf is the 

local heat transfer coefficient, αsf is the surface area density of 

the metal foam, Tpcm is the PCM temperature and Tm is the 

metal foam temperature. In this model Tpcm and Tm are not 

equal and the heat transfer from metal foam to PCM occurs 

through the product hsf αsf. 

Enthalpy-porosity method is used for the modeling of the PCM, 

with a value Amush of 10
5
 [48].The effect of the Amush on the 

melting time is analyzed and it is concluded that there is not a 

correlation with the presence of the metal foam; the time of 

melting is the same to values from 10
4
 to 10

9
 as shown in Fig. 

3. The chosen material is the paraffin RT58 of the Rubitherm 

[51] and the properties are listed in Table 1. In the Boussinesq 

approximation the operating temperature T0 is equal to 321 K. 

The metal foam considered in the present analysis is an 

aluminum foam and its thermal properties density, specific heat 

and thermal conductivity are equal to 2719 kg/m
3
, 871 J/kg and 

202.4 W/m K, respectively [48]. It behaves as a porous zone 

that obeys the Darcy-Forchheimer law: 

 

2

F

p
V C V

L a

     (11) 

 

 
 

FIGURE 3. LIQUID FRACTION AT VARYING AMUSH 

 

4 Copyright © 2015 by ASME

Downloaded From: http://proceedings.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/conferences/asmep/86900/ on 03/28/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



 

This equation describes the relation between the pressure drop 

and velocity into porous media for laminar flow. Nevertheless, 

the permeability and drag factor or inertia coefficient values are 

assumed the following, [52]: 
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where df is the ligament diameter of the metal foam, dp is the 

pore diameter. This physical characteristics are dependent each 

other via the following relation [52]: 

 

1(1 )/0.04

1 1
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0.0224
p

d


  (15) 

 

where ω is the pore density of the metal foam that represents 
the number of pores across one inch. In this study the pore size 

is assigned at 20 Pore Per Inch (PPI). 

The surface area density represents the whole contact area 

between PCM and metal foam, it is complicated predict both αsf 

and hsf and for the present study is adopted the following 

correlation for hsf, [53]: 
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  (16) 

 

Where Red is the local Reynolds number referred to ligament 

diameter: 

 

f

d

Vd
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


  (17) 

and the relation of Calmidi et al. [52] is employed to evaluate 

αsf: 
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Table 1: Thermal proprieties of the paraffin RT58 
Paraffin RT58 from [51] Values 

Density [Kg/m
3
] 840 

Specific Heat [J/Kg K] 2100 

Thermal Conductivity [W / m K] 0.2 

Dynamic Viscosity [Kg/m s] 0.0269 

Thermal expansion coefficient [1/K] 0.00011 

Melting Heat [J / Kg] 180000 

Solidus Temperature [K] 321 

Liquidus Temperature [K] 335 

 

Finally, a parameter to evaluate the system efficiency is taken 

from Yang et al. [34], it represents the energy stored in each 

time step: 

 

t t t

L

E E
q

H


  (19) 

 

Where Et-Et-Δt is the specific enthalpy change in one time step 

Δt and Ht is the latent heat of fusion of PCM and q is 

performance parameter. Obviously q is a dimensionless 

parameter. 

 

3. NUMERICAL MODEL 
The commercial CFD code Ansys-Fluent [54] is employed to 

solve the governing Eqs. (3)-(6) in LTE and Eqs. (3)-(5) and 

(9), (10) in LTNE. A 2D-axialsymmetric option is also enabled 

to simulate the phenomenon under investigation. For the 

pressure-velocity coupling the SIMPLE algorithm is used, for 

the spatial discretization the gradient evaluation is based on 

least square cell, the pressure calculation is based on PRESTO, 

for energy and momentum equation the second order upwind 

scheme is used. High Order Term Relaxation for only flow 

variables is set to 0.75. The time step size is fixed at 0.05 s. The 

residual convergence values are imposed to 10
-5

 for continuity 

equation and momentum equation while 10
-8

 is set to energy 

equation. To solve equations (16) and (17), a user-defined 

functions to link the Reynolds number to the local heat transfer 

is implemented.  

The numerical grid consists of mapped quadrilateral elements 

with a fine grid near the walls and a coarse grid in the center of 

the domain. The bias factor is equal to 2 in order to improve the 

numerical stability. A study to obtain a solution independent 

from the mesh is made with six different meshes: 4 x 10, 8 x 

20, 12 x 30, 16 x 40, 20 x 50 and 40 x 100 nodes. The results in 

term of melting time are plotted in Fig. 4 and the mesh with 20 

x 50 nodes was chosen to carried out the results in this study. It  

allows to have the right compromise between the numerical 

accuracy and computational time.  

The model is compared with the work of Krishnan et al. [28] 

for the validation. The same domain, boundary conditions, 

properties and mesh are used to obtain results to evaluate the 

model reliability. The results are compared in the Fig. 5 and the 

two models present a good agreement. 
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FIGURE 4. INDEPENDENT SOLUTION FROM MESH 

GRID SIZE 

 

4. RESULTS AND DISCUSSIONS 
The results are evaluated employing the LTE and LTNE models 

with the porosity values ε equal to 0.80, 0.85, 0.90, 0.95, 0.97 
and 0.99 at an assigned PPI value equal to 20. In all cases the 

temperature of the internal cylindrical wall is assumed constant 

and equal to 350 K and the other surfaces are assumed 

adiabatic. A comparison in terms of liquid fraction, temperature 

and performance parameter values is accomplished.  

 

Clean case 

In Fig. 6 is shown the evolution of melting for a CLEAN case, 

without foam at difference time values equal to 30 s,300 s, 900 

s, 1500 s and 3000 s. The red zone represents the liquid phase 

while the blue zone is the solid phase. The other colors 

represent the mushy zone. The melting time is over 3000 s 

because of the small value of thermal conductivity of pure 

PCM. About the shape of melting zone, at the beginning, up to 

30 s, it is vertical because of the conduction is predominant 

with respect to the natural convection. Increasing the time the 

melt front tends to bend because the natural convection arises 

and prevails on the heat conduction. Finally, when the domain 

is nearly melted, the effect of natural convection is completely 

dominant. 

In Fig. 7 the temperature and streamline fields are reported, and 

it is possible to observe that initially the streamlines are parallel 

where the conduction is dominant, but as the melting front 

advances, the streamline begin to incline with it. The behavior 

of the temperature fields is similar to the melting field; in fact, 

at the early instants temperature gradients are perpendicular to 

the melt front because the conduction is predominant while 

after the trend of field changes significantly. 

The mean values of liquid fraction and temperature of the 

system as functions of time are shown in Fig.8. At the initial 

times, up to 150 s, the increase of liquid fraction is faster than 

the one from 150 s to 500 s due to the increase of the musky 

zone. After 500 s liquid fraction presents a greater increase up  

 

 
(a) 

 
(b) 

FIGURE 5. COMPARISON WITH THE 
RESULTS FROM (a) KRISHNAN ET AL. 

[28] AND (b) PRESENT DATA 

 

to about 2000 s. Mean temperature value at the initial times has 

a sharp increase up to 600 s and after due to the natural 

convection effect presents a lower increase. 

 

Case with metal foam in LTE assumption 

The liquid fraction distribution, in the domain, together with 

temperature and streamline fields are presented in Fig. 9 for 

PCM with metal foam of a porosity equal to 0.80 and 20 PPI. 

The liquid fraction and temperature fields are considered at t=5 

s, 10 s, 12.5 s, 15 s, 20 s whereas the stream function is given at 

5 s and the values are very small values (about 10
-8

kg/s) and the 

differences for different time values are very small. The results 

for other porosities present the same qualitative shape of these 

field, hence they are not reported here for brevity. The liquid 

fraction fields, in Fig. 9a, show that the melted zone moves 

uniformly and vertical and the temperature distributions 

confirm that the conduction is dominant during all the melting.  

It is important to observe that the conduction is completely 

dominant on the overall energy transport because the melt front  
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FIGURE 6 LIQUID FRACTION FOR DIFFERENT 
TIME VALUES (30 s,300 s,900 s,1500 s,3000 s) 

 

is parallel to the heated edge and the time for full melting is 

very small, more than two order of magnitude with respect of 

CLEAN case. The presence of the metal foam improves 

significantly the heat transfer into PCM due to its high value of 

the thermal conductivity.  

In Fig. 10 the average liquid fraction and temperature are 

reported as functions of time. The average liquid fraction is 

about a linear function, as shown in Fig. 10a, and the time to 

obtain a complete melting is reach at t<20 s. Temperature trend 

can be divided into three different zones as shown in Fig. 10b. 

In the first zone, the temperature increases very quickly, with a 

sharp increase, because the melting zone is not developed and 

the sensible heat is mainly stored. In the second one the melting 

zone is enlarged in nearly whole domain, and the temperature is 

nearly constant and the latent heat contributes to the energy 

storage. Finally, in the third zone the domain is fully melted and 

the temperature raises up to the Twall value. 

In Fig. 11 the thermal performance parameter, q, is plotted as a 

function of time. At beginning of simulation the q value, Eq. 

(19), is high because the difference of temperature between the 

domain and isothermal edge is high and at the same time the 

sensible heat is prevalent in the storage process. But afterwards 

the q value decreases rapidly because the high value of the 

effective thermal conductivity of the system reduces the 

temperature difference between the isothermal edge and the 

domain. Moreover, when the melting zone arises and occupies 

large part of the domain, the steady stage begins and the value 

of q is nearly constant. In this stage the storage of energy 

occurs at the nearly constant temperature and the energy stored 

is the latent heat. The reason for which q is not completely 

constant depends of the advancing of the melting region 

whereby the thermal resistance rise slightly. Finally, the q value 

tends to 0 (the logarithm of q tends to -∞), the PCM is fully 
liquid and the thermal storage is affected only the sensible heat 

but with respect to the first stage the temperature difference is 

very small. 

 

Effect of porosity 

Figs.12-14 illustrate the effect of porosity on the physical 

quantity in the LTE. When the porosity increases, the thermal 

performance parameter q raises in the steady stage where the 

latent heat is predominant respect to sensible heat. The 

temperature presents the same behaviour of q but the growth 

towards the isothermal value is slower. Increasing the porosity 

the liquid fraction has slower growth because of the growth of 

temperature is slower for the higher porosity values. 

 

 
(a) 

 
(b) 

FIGURE 7 TEMPERATURE FIELD (A) AND 
STREAM FUNCTION (B) FOR DIFFERENT TIME 

VALUES, 30 s, 300 s, 900 s, 1500 s, 3000 s 
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(a) 

 
(b) 

FIGURE 8. AVERAGE VALUES OF: (A) LIQUID FRACTION AND (B) TEMPERATURE PROFILES IN CLEAN CASE. 

 

   
(a) (b) (c) 

FIGURE 9 RESULTS FOR PCM IN METAL FOAM WITH A POROSITY EQUAL TO 0.80 AND 20 PPI FOR 
DIFFERENT TIMES EQUAL TO 5 s, 10 s, 12.5 s, 15 s, 20 s: (A) LIQUID FRACTION FIELD; 

(B) TEMPERATURE FIELD AND (C) STREAM FUNCTION FIELD. 

 

 

The reason for which the porosity influences the behaviour of 

the temperature can be explain by means of the analysis of 

effective thermal conductivity as a function of porosity. In fact, 

when the porosity arises, the conductivity decreases as 

observed in Fig. 15. The heat conduction is predominant with 

respect to the convection and, consequently, it is required more 

time to reach the isothermal value for higher porosity. 

These observations are the same for the LTNE model, but the 

values related to the temperature, liquid fraction and thermal 

performance parameter q are different. A way to compare the 

LTE and LTNE models is to plot the melting time for these two 

models. Fig. 16 shows the differences between the two models 

in terms of melting time. In particular, the melting time 

increases when the porosity is higher but the LTNE model 

presents a higher value for lower porosity values while for 

higher porosity values both models tend to reach the same 

value. The interpretation of this behavior is deduced by term 

αsfhsf that links the equation of energy for PCM, Eq. (9), to the 

energy equation for metal foam, Eq. (10) because when the 

porosity is higher this term tends to increase and the 

temperature gradients between metal foam and PCM are 

reduced.  
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(a) 

 
(b) 

FIGURE 10. MEAN VALUES OF: (A) LIQUID 
FRACTION AND (B) TEMPERATURE AS FUNCTIONS 

OF TIME FOR THE CASE PCM IN METAL FOAM 
WITH A POROSITY EQUAL TO 0.80 AND 20 PPI. 

 

CONCLUSIONS 

Thermal behaviors in a latent heat thermal energy storage 

(LHTSS) with pure phase change material (PCM) or PCM in 

aluminum foams was performed by a numerical analysis. The 

investigation was carried out modeling phase change process 

with enthalpy-porosity method and the aluminum foam was 

considered as a porous media under the assumption of Darcy-

Forchheimer law and local thermal equilibrium or local thermal 

non equilibrium. Numerical simulations were obtained for a 

vertical shell and tube LHTES made with two concentric 

aluminum tubes. Results in terms of liquid fraction, 

temperature and stream function fields for different time values 

were presented and average liquid fraction, system temperature 

and thermal performance parameter profiles as functions of 

time were evaluated and analyzed for the cases without and 

with aluminum foam. In the last case the effect of porosity was 

examined. The presence of aluminum foam determined a 

significant reduction of the melting time of about two order of 

magnitude and the conduction was the dominant mechanism in 

the PCM melting. The porosity increase determined an increase 

in the melting time due to the decrease of effective thermal 

conduction of the PCM with the aluminum foam. Moreover, the 

comparison between the LTE and LTNE models indicated that 

the melting time in the LTNE is greater than the one in the LTE. 

The presence of metal foam improves significantly the heat 

transfer in the LHTES giving a very faster phase change 

process with respect to pure PCM. In addition, this numerical 

investigation can be further enlarged to simulate different types 

of metal foam and PCM. 

 

 
 

FIGURE 11 LOG q AS FUNCTION OF TIME 

 

 
(a) 

 
(b) 

FIGURE 12 LOG q: (A) AS FUNCTION OF TIME AND 
(B) AT THE FIRST 50 s. 
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NOMENCLATURE 
T temperature   K 

Tsolidus solidus temperature  K 

Tliquidus liquidus temperature K 

Twall wall temperature   K 

V,�⃗  vector velocity   ms
-1

 

p pressure    Pa 

g,�  gravity acceleration   ms
-2

 �  source term    eq. (4-5) 

Amush mushy zone costant  kgm
-3

s
-1

 

K permeability   m
2
 

CF inertial drag factor   eq. (5) 

c specific heat   Jkg
-1

K
-1

 

k thermal conductivity   Wm
-1

K
-1

 

HL latent Heat of PCM   Jkg
-1

  

t time     s 

hsf local heat transfer coefficient  Wm
-2

K
-1

 

L characteristic length   m 

Red ligament Reynolds number  eq. (17) 

Pr Prandtl number    eq. (17) 

df ligament diameter   m 

dp pore diameter    m 

q performance parameter   eq. (19) 

E specific enthalpy    Jkg
-1 

t time step    s 

 

Greek Symbols 

ȕ liquid fraction    Eq. (1) 

ρ density     kgm
-3 

Ȗ thermal expansion coefficient  K
-1 

μ viscosity of PCM   kgm
-1

s
-1 

π costant number    eq. (5)  

ε porosity  

αsf surface Area density   m
-1 

ω pore size   Pore per Inch (PPI) 

 

subscripts 

0 operating 

pcm phase change material 

m metal foam 

eff effective 
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