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ABSTRACT

A numerical investigation on LHTESS with PCM is accomplished. The PCM used is paraffin wax. To
enhance the heat transfer inside the system a highly conductive material like metal foam and ceramic
nanoparticles are used. The latter method of enhancement leads to a new class of material called Nano-PCM.
The system under investigation is a typical 70 L water tank filled up with pure PCM or Nano-PCM and a
certain number of pipes are located where the Heat Transfer Fluid (HTF) flows. The surfaces of the pipes are
assumed at a constant temperature above the melting temperature of the PCM to simulate the heat transfer
from the HTF. The enthalpy-porosity theory is employed to simulate the phase change of the PCM while the
metal foam is modelled as a porous media that obeys to the Darcy-Forchheimer law. The ceramics
nanoparticles are modelled with the single-phase model. The simulations are accomplished for charging-
discharging process at different porosities of the metal foam and different concentration of the nanoparticles.
The results show that the presence of the metal foam improves the heat transfer in the system respect to the

addition of the nanoparticles, reducing the melting time more than one order of magnitude.
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1. INTRODUCTION

The environmental problem nowadays represents new
challenges for the researchers. In particular, today there is not
a device capable to store indefinably the energy in thermal
form. For this reason it necessary to build a buffer system that
allows to charge or discharge itself in base of the evolution of
demand. A Thermal Energy Storage systems (TESS) [1-2] is
a device that permits to storage energy by heating a storage
medium. There are two types of TESS, sensible TESS and
latent TESS. In this work the Latent Thermal Energy Storage
System is implemented because it has more advantages like
the storing of heat maintaining the temperature nearly
constant. In fact, the base material of a Latent TESS is the
Phase Change Material (PCM) that during the solid-liquid
phase change process, adsorbs and then releases the heat
loads [3]. As reported in literature [4], PCMs have been
widely suggested for thermal storage applications due to their
capability of storing and releasing large amounts of energy
with a small PCM volume and a relatively low temperature
variation. Many applications are suitable for the PCMs, for
example, an numerical study is made in [5] where the PCM is
used for storage unit in thermal solar plant applications. The
results showed the connection between the plant parameters
with the design variables of the thermal storage device.
Moreover, a study on the parameters of a PCM storage
system even for thermal management applications is made in
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[6], where a hybrid systems with finned surfaces partially
filled with PCM was studied. The results showed that t a
Thermal Control Unit based on PCM is convenient for high
heat loads acting in short times. Many materials can be used
as PCM, but the paraffin waxes present many desirable
characteristics, such as high latent heat, low vapor pressure in
the melt, non-toxicity and chemical stability. However, they
also have a very low thermal conductivity and therefore,
different enhancement are necessary to improve the thermal
conductivity of the paraffin wax for example by adding
nanoparticles [7] to a base PCM or using metal foam [8]. The
use of open-cell metal foam improves the effective thermal
conductivity of the whole system, but reduces the effective
volume of the PCM. The injection of highly conductive
nanoparticles in the PCM can further enhance the rate of
melting [9]. The new material created with nanoparticles in
the base PCM is called Nano-PCM. About Nano-PCM, in the
literature there are few researches, for example Shin and
Banerjee [10], demonstrated that the nanoparticles enhances
the heat capacity of the molten salt PCM. Chieruzzi et al. [11]
experimentally investigate a PCM with nanoparticles and they
concluded that the addition increases the latent heat of nearly
12%. Zhichao et al. [12] experimentally studied an organic
PCM with TIO; nanoparticles to enhance the thermal
performance of the base PCM. The authors found that the
addition of the nanoparticles by 0.2% increase the specific
heat capacity. Siahpush et al. [13] studied both



experimentally and numerically a thermal energy storage
system using PCM and metal foam assuming the Local
Thermal Equilibrium model to assess the heat transfer
between PCM and metal foam. A numerical investigation on
paraffin RT58 as PCM in metal foam is made in [14] using
the local thermal non equilibrium model. A LTESS for
concentrating solar power applications is numerically studied
in [15] using the enthalpy-porosity method both charging and
discharging process of the system for different geometrical
configuration and metal foams.

Experimentally Zhao et al. [8] studied the phase change of
the RT58 paraffin in a copper foam in order to evaluate the
solid-liquid evolution of the material and the enhancement of
heat transfer because of the metal foam. Furthermore a
numerical model is accomplished using the local thermal
equilibrium model in order to compare the experimental
results with the numerical ones. Few researchers studied the
Nano-PCM in metal foam, for example Hossain et al. [16]
numerically studied a Cyclohexane as PCM with copper
oxide nanoparticles inside a metal foam. The local thermal
equilibrium is assumed the Darcy law is considered without
the Forchheimer extension. The authors demonstrated that the
Nano-PCM melts at a faster rate inside the porous medium.
This paper numerically studied the effect of the nanoparticles
and metal foam inside a pure PCM. Two different nano-
PCMs are studied by adding 1% and 5% of AlOs inside a
paraffin waxes with a melting temperature of 58°C (RT58).
The thermophysical properties are calculated with the single-
phase model. Two types of metal foam are evaluated for
different value of porosity (80% and 90%). A typical 70L
water tank TESS, filled up with PCM or nano-PCM with and
without metal foam, is numerically implemented and the
comparisons are made in term of charging and discharging
phase and the total amount of energy. The results showed that
the metal foam gives major benefits in term of rate of melting
respect to the nanoparticles.

2. PHYSICAL MODEL

A TES is numerically implemented in 3D space as a typical
70 L water tank, filled up with pure paraffin wax or Nano-
PCM with 1% or 5% of Al203 nanoparticles and a certain
number of pipes pass through the system in order to transport
the Heat Transfer Fluid. The dimensions of the TES are 120 x
157 x 710 mm but for thermal symmetry the computational
domain is only a part of the whole system as showed in Fig 1.

= 2
‘ 78 h=5W/ m‘ K
z
S J
/@)0
T assigned

Figure 1. Frontal view af the physical domain

An assigned temperature at 343.15 K on the pipe surface is
imposed in order to simulate the heat transfer between the
Heat Transfer Fluid and the system during the charging
operation while during the discharging phase the temperature
is imposed to 300K. A convective heat transfer on the top
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surface is considered while the other surfaces are adiabatic.
The gravitational acceleration is along the z-axis and the
Boussinesq approximation is considered in order to take into
account the buoyancy force due to natural convection.

The phase change of paraffin wax is modelled with the
enthalpy-porosity method [17], because it melts in a
temperature range. During the phase change a mixed solid-
liquid zone is developing that is described by a parameter
called liquid fraction. This parameter varies from 0 to 1 in the
mixed zone:
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T is the local temperature of the cell, Tiiquidus 1S the
temperature upper which the domain is entirely liquid and
Tsolidus 1 the temperature below which it is fully solid. The
mixed zone is developed in a range of temperature between
Tliquidus and Tsolidus.

The metal foam is modelled with a Darcy-Forchheimer law
because it behaves like a porous media; therefore a source
term is used in the momentum equation to simulate its
presence. To assess the heat transfer between PCM and metal
foam, the Local Thermal Equilibrium (LTE) assumption is
chosen, where there is not difference of temperature between
the PCM and the porous media.

A single-phase approach is assumed to model the
interaction between the nanoparticles and the PCM in the
liquid phase. This approach considers the Nano-PCM as a
homogeneous fluid. The volume fraction of the Nano-PCM is
indicates with the Greek letter  and it is the ratio between the
volume of the nanoparticles and the total volume of the
domain:

Vol
ALY @)
VOITOTAL
The continuity equation is:
V-(pV)=0 3)

N
where V is the velocity vector of the PCM or nano-PCM in
the liquid phase. The Nano-PCM is considered as a
homogeneous material, so the difference of velocity between
the nanoparticles and pure PCM is neglected. The same
consideration is made with other physical characteristics. To
simulate the natural convection in the PCM a Boussinesq
approximation is used, so the density of PCM varies with
temperature:

,szo[l—]/(T =Ty )], “4)
where p and T are respectively the density and the
temperature of the PCM, po and Ty are the operating density
and temperature and vy is the thermal expansion coefficient.
The operating temperature To is equal to 321 K. The
momentum equation is [15]:
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where t is the time, ppcwm is the viscosity of the PCM or Nano-

PCM; p is the relative pressure and S is a source term vector
that includes all of following terms [15]:
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The first term models the natural convection in the liquid
phase of the material according to the Boussinesq
approximation. The second term models the presence of the
solid part in the mixed region, where the small number
(0.001) avoids the division by zero [15] when [ is null. A
is the mushy zone constant which represents the damping of
the velocity to zero during the solidification [18]. Its value
does not influence the value of melting time. In these
simulations the value of mushy zone constant is set to 10°
Kg/s. The third term is the Darcy term where K is the
permeability of the porous media and the last term is the
Forchheimer term, where Cr is inertial drag factor. The
permeability and drag factor values are calculated with the
following relations, by Calmidi et al. [19]:
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The equation of energy for PCM in the metal foam is [20]:
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The product PC s evaluated as the weighted average of
the densities of metal foam and PCM [20]:

€ =(1=£) PCoy + € Prcm Crom (10)
where pm and ¢y, are respectively the density and specific heat
of the metal foam, ¢ is the porosity of the metal foam and cpem
is the specific heat of PCM or nano-PCM. ke is the effective
thermal conductivity calculated by [20]:

kg =(1—¢&)k, +kpey (11)

km € kpem are respectively the thermal conductivities of
metal foam and PCM. Hy is the latent heat of the PCM. To
calculate the values of the proprieties of the nano-pcm, the
following relations [21] are used:

Pnanopecm = (l Yy ) Pecm T VPrprTiCLES (12)

(pCP )NANOPCM = (1_ l//)(pCP )PCM + l//(pCP )PARTICLES (13)
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where the subscript w~anopcm indicates the physical
characteristic of the nano-pcm, the subscript pcm indicates the
physical characteristic of pure paraffin wax, the subscript
parTicLEs indicates the physical characteristic of the material
of the nanoparticles (aluminum oxide). y is the volume
fraction of the nano-PCM, cp is the specific heat and y is the
thermal expansion factor. The viscosity is calculated by [22]:

Hpem
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and the thermal conductivity is calculated from the Maxwell
equation [23]:
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where pnanopem 1S the viscosity of the nano-pcm. The values
are not change a lot at varying of the volume fraction. The
latent heat of the nano-pcm is evaluated using [7]:

A=y)*(PH)ecu

Pnanopcm
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The melting temperature is the same for all of three types
of material. The pure PCM is the paraffin RT58 purchased
from Rubitherm technologies GmbH [22]. The nanoparticles
are made of oxide aluminum (Al;O3). The nano-PCMs
considered have a volume fraction equal to 1% and 4%. The
metal foam is made of aluminum [18]. The numerical
simulations are made with the commercial code ANSYS
Fluent [25] using the finite volume approach. For the mesh
independence solution three different meshes were tested with
different nodes 27630 nodes, 51322 nodes, 104556 nodes and
the mesh with 27630 nodes was chosen because it represents
the best compromise between the computational costs and
accuracy. A comparison with the work of Krishnan et al. [26]
was accomplished for the validation of the model.

Table 1. Thermal properties of the materials

RT58 A0z Al Nano- Nano-
pcm 1% pcm 5%

Density 840 3980 2719 871.4 965.6
[Kg/m?]
Specific Heat 2100 850 871 2042.9 1893.9
[J/kg K]
Thermal 0.2 35 202.4 0.206 0.2245
Conductivity
[W/m K]
Dynamic 0.0269 - - 0.0276  0.0298
Viscosity
[Kg/ ms]
Thermal lle-4 - - 1.05e-4 9.19%e-5
expansion
factor [1/K]
Latent Heat 180000 - - 171779 150323
[J/Kg]
Tsolidus[K] 321 - - 321 335
Thiquidus [K] 335 - - 321 335
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3. RESULTS AND DISCUSSION

The results are evaluated in terms of average liquid
fraction, temperature and energy storage during the time, for
the pure paraffin wax, the Nano-PCM at 1% and 5% of Al;Os
and Nano-PCM with metal foam both for charging phase and
discharging phase. In figure 2 there is a comparison between
three cases of PCM and nano-PCM without metal foam for
different nanoparticles concentrations. It can be seen that the
liquid fraction (figure 2a) tends to rise faster when the
concentration of nanoparticles increase even that the path is
same during the time. This behavior can be explained by the
growing of the value of thermal conductivity at the increasing
of the concentration of nanoparticles into PCM.
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Figure 2. Average Liquid Fraction and energy as function
of time for Pure PCM and Nano-PCM with 1% and 5% of
Al,Os3 in charging and discharging phases

Nevertheless the discharging phase is similar between the
pure PCM and nano-PCM. It can be noted that the
discharging phase is faster than the charging phase because of
the heat loss on the top surface of the domain. The evolution
of the energy stored shows that the addition of the
nanoparticles leads to a worsening of the energy stored.

In figure 3 there is a comparison between the pure PCM
and PCM with metal foam for different values of porosity,
80% and 90%. It is possible to see that the presence of the
metal foam significantly improve the charging and
discharging phase more than one order of magnitude.
Moreover the metal foam with 80% of porosity increase the
evolution of the charging and discharging processes respect
to the porosity of 90%. This behavior can be explain as a
consequence of equation (10) of the effective thermal
conductivity, where at lower porosity the effective thermal
conductivity of the system is higher. Nevertheless the energy
stored is inferior for lower porosities because the volume of
the PCM in the system is lesser.
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Figure 3. Average Liquid Fraction and energy as function
of time for Pure PCM and PCM with metal foam at 80% and
90% of porosity in charging and discharging phases

In figure 4 is depicted the average liquid fraction and
energy stored as function of time for Nano-PCM at 5% of
Al203 and the pure PCM with metal foam at 80% of
porosity.
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Figure 4. Average Liquid Fraction and energy as function
of time for Nano-PCM at 5% of Al,O; and PCM with metal
foam at 80% of porosity in charging and discharging phases



The metal foam improves significantly the heat transfer
and then the rate of melting respect to the nano-PCM.
Moreover, the energy stored is higher for the metal foam,
because it has a thermal conductivity larger than the nano-
PCM, and therefore the temperature inside the system is
higher, leading to more energy stored during the charging
process, as it showed in figure 5.
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Figure 5. Evolution of the average temperature as
function of time for Nano-PCM at 5% of a203 and PCM with
metal foam at 80% of porosity for charging and discharging
phase

4. CONCLUSION

This paper is focused on a numerical study concerning the
use of the nano-PCMs and metal foam for thermal storage
application. The RT58 paraffin wax was chosen and two type
of improvements were built, the nano-PCM with oxide
alumina (Al203) at 5% and the pure PCM with metal
aluminum foam for two types of porosity. Generally, the
presence of metal foam improves significantly the thermal
performance of the system instead of the nanoparticles. For
this reason the metal foam can be used to increase greatly the
rate of charging or discharging process while the
nanoparticles can be used to adjust only moderately the
storing and releasing thermal processes in order to obtain a
preferable value of the charge and discharge time.
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NOMENCLATURE

Amush Mushy constant, Kg. s-1

c Specific heat, J. kg-1. K-1

Cr Inertial drag factor

d Diameter, m
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vV, v
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Greek symbols

DE O™

Subscripts

0

ALLO;

eff

f

Liquidus

m
NANOPCM
p
PARTICLES
PCM
Solidus
TOTAL

gravitational acceleration, m.s-2
Latent Heat of PCM, J. kg-1
Thermal conductivity, W.m-1. K-1
Permeability, m2

Relative Pressure, Pa

Source term

Time, s
local temperature, K
Velocity of liquid PCM, m.s-1

Volume [m3]

Liquid Fraction

Thermal expansion coefficient, K-1
volume Fraction

porosity

dynamic viscosity, kg. m-1.s-1
Density, kg. m-3

Reference quantity
Oxide aluminum
effective

Foam fiber

Liquidus

Metal foam

nanopcm

Foam pore
Nanoparticles of A1203
Phase change material
Solidus

Total quantity
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