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Abstract—The present work is for objective to carry out a
computational study on the thermal behavior of two different
phase change materials (PCMs), inside spherical nodules, in
both charging and discharging modes. Water is used as the heat
transfer fluid (HTF). The thermal and dynamical behavior of
both PCMs, i.e. PCM1 and PCM2, filled in two capsules, is
detailed at the beginning of this study. The results indicate that
for the height velocity of water flow, the latent heat energy
packed by two different PCMs without thermal interaction is the
arithmetical addition between them. Whereas, from v = 10-5, the
thermal interaction between two different PCMs cannot be
neglected, and the energy stored is not the arithmetic addition.
The thermal interaction appears clearly in the discharging
mode. Thus, the thermal interaction has accelerated the
discharging of PCM2. Whereas, the discharging of PCM1 is
prolonged by this thermal interaction.

Keywords — Different phase change materials, Thermal
behaviour, spherical nodules, thermal interaction.

I. INTRODUCTION

Several studies are carried out on phase change materials
over the last three decades. Phase change materials are very
interesting due to their absorbing of large amount of energy
as latent heat at a constant phase transition temperature.
Following the literature review according to Telkes and
Raymond [1], the first study of phase change materials was
carried out in the 1940s. There are few work reported until
the 1970s. After that, the first study on PCM was presented
by Barkmann and Wessling [2] for use in buildings, and later
by other researchers [3-4]. Sokolov and Keizman [5]
presented the applications of PCM in a solar collector for first
time at 1991, and later by others,e.g. Rabin et al. [6], Enibe
[7,8], and Tey et al. [9]. Also, there are a few review papers
on energy thermal storage and phase change material [10,11].
Following them, a beneficial review of thermal energy
storage based on PCM was presented by Zalba et al. [12].
They classified types of PCM based on material properties,
heat transfer and its applications. Modelling the thermal
behaviour of latent heat thermal energy storage is complex
[13]. There are problems associated to the nonlinear motion

of the solid–liquid interface, the possible presence of
buoyancy driven flows in the melt, the conjugate heat transfer
between the encapsulated phase change material and the heat
transfer fluid in the storage tank and the volume expansion of
the PCM upon melting–solidification.

Korti [14], developed a transient two-dimensional (2D)
mathematical model for double-pass solar collector with
phase change material (PCM) spheres media in the lower
channel. Two different types were studied in various
configurations, parallels and series. The results show that the
presence of the PCM spheres at the bottom of the absorber is
the best configuration and allows increasing the outlet
temperature. Also, with combining several types of PCM we
can improve significantly the thermal performance of
collector.

In the present work, we will proved that the thermal
interaction between two different PCMs cannot be neglected where
the heat transfer fluid is too small, and the energy stored is not
the arithmetic addition between them. All results will be
present later in this paper.

II. PHYSICAL MODEL

Fig. 1 Computational domains: Two spheres filled with PCMs placed
horizontally.
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Fig.1 shows the computational domains. The aluminum
spherical nodules are with 55 mm in outer diameter, 1mm in
thickness, with 4 mm spacing between the two spheres and
the domain boundaries. A heat transfer fluid (liquid water)
flows around the spheres containing the phase change
materials. During the charge mode, the simulation domain is
maintained at a lower temperature than the initial melting
temperature of the PCMs. The end of total melting of PCMs
is the beginning of the discharge mode. The inlet temperature
of water and its velocity are maintained uniforms in both
charging and discharging modes.
The problem was studied in three different cases:

 Case 1 represents the behavior of the two
spheres filled with PCM1, and case 2 when they
are filled with PCM2.

 Case 3 represents the behavior of the two
spheres filled with different PCMs; i.e. PCM 1
and PCM2.

The thermo-physical properties of the PCMs used in this
study are presented in table1.

Table 1 Thermo-physical characters of PCM [15].

III. MATHEMATICAL MODEL

A. Water:

Continuity equation:
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Thermal energy equation:
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Were (up, vp) are components of velocity vector of water, w

is the water density, µw is its dynamic viscosity, cw is its heat
capacity, w is its effective thermal conductivity, P the
pressure and g the gravitational acceleration.

B. Aluminum spheres:

Only the thermal energy equation governs the aluminum
thickness of sphere.
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C. PCMs:

PCMs are described by the continuity equation, the equation
of motion modified in the x and y directions, and the thermal
energy equation.

Continuity:
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Modified x-direction momentum:
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Modified y-direction momentum:
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The source terms Sx and Sy allow modifying the momentum
equations in the mushy zone and in the solid phase. They are
expressed according to Darcy’s law as follows [16]:

;x p y pS Au S Av  (9)

PCM1 PCM2

Density (Solid), [kg. m−3] 844 848
Density (liquid), [kg. m−3] 760 767
Specific heat(Solid), [J.kg−1 K−1] 2052 1650
Specific heat(liquid), [J.kg−1 K−1] 2411 1863
Thermal conductivity (Solid),
[W.m−1.K−1]

0.4 0.4

Thermal conductivity (liquid),
[W.m−1.K−1]

0.15 0.15

Viscosity (liquid), [Pa.s] 4.9×10−3 5.6×10−3

Expansion coefficient (liquid), [K−1] 8.3×10−4 7.7×10−4

Melting temperature, [◦C] 42–44 50-52
Heat of fusion, [J.kg-1] 1.68×105 2×105
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The liquid fraction, described by a linear function, ranges
from zero in the solid phase to one in the liquid phase,
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Where A is the porosity function, C is a mushy zone constant
which is fixed (C = 105 kg/m3s) for the present study [17]. In
the liquid phase (fl = 1), the porosity function and thus the
Darcy-type source term turns to zero. When approaching the
solid phase, the liquid fraction turns to zero. To avoid the
division by zero in the solid phase, a small numerical constant
b is introduced.

Modified thermal energy equation:
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To describe the enthalpy in Eq. (12), the specific sensible
enthalpy h is extended by the latent heat of fusion L as a
function of temperature:
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Applying (13) to (12) leads to the common energy
conservation equation for phase change processes:
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Were (up, vp) are components of velocity vector of the liquid
PCM, p is the density of the PCM, µp is dynamic viscosity,
p is thermal expansion coefficient, cp is its heat
capacity, and p is its effective thermal conductivity, Tref,p is
reference temperature of PCM, it was set equal to that of inlet
temperature of hot water.

IV. BOUNDARY AND INITIAL CONDITIONS

At the initial time (t = 0) of the charging mode, the whole
computational domain is maintained at a constant temperature,
below the melting temperature of the PCMs (T0 = 32 0C). The
end of the charging mode is the beginning of the discharging
one. Moreover, the no-slip boundary condition is applied to

the walls of the sphere. The right and left boundaries are
adiabatic, whereas the upper one is the inlet flow boundary,
with a height velocity of 0.3 m/s to reduce the interaction
between two adjacent spheres, and uniform temperatures of
70 °C and 32 °C for charging and discharging modes,
respectively. The lower wall is the outflow boundary and the
heat flux continuity at the wall of spheres.

V. RESULTS AND DISCUSSIONS

Three different velocity of water flow (10-4, 10-5 and 10-6

m/s) were tested to analyse the effect of water velocity on the
thermal interaction between two adjacent spheres filed with
different PCMs. At t = 4000 s, the discharging mode starts for
all three velocities. Figs. 2 and 3 show the water velocity
effect during the charging and discharging phases at 2000 and
6000 s, respectively. During the charging mode for an inlet
velocity of 10-4 m/s, it can be seen that the liquid fraction and
the thermal behavior of PCM 1 in case 1 is identical to PCM1
in case 3. In addition, the liquid fraction and the thermal
behavior of PCM 2 in Case 2 is identical to PCM2 in Case 3.
Thus, there is no visible thermal interaction between the two
adjacent PCMs. As presented in (table 2), the liquid fraction
at this stage is about 0.87 and 0.54 for PCM1 and PCM2,
respectively. During the discharging mode, the thermal
interaction remains no visible for an inlet velocity of 10-4 m/s.
The two PCMs in Case 3 have the same liquid fraction of that
of cases 1 and 2. It equals 0.57 and 0.39 for PCM1 and PCM2,
respectively. Therefore, we can say that without thermal
interaction, the latent heat energy stored by two different
PCMs (Case 3) is the arithmetical addition of that stored with
the same PCM in cases (1) and (2). During the charging mode,
the latent heat energy stored is 2.9132×105, 2.16×105 and
2.5416×105 kJ/kg in cases (1), (2) and (3), respectively.
During the discharging mode, these values become
1.9152×105, 1.56×105 and 1.7376×105 kJ/kg.

For an inlet velocity of 10-5 m/s, it can be observed that
the thermal interaction effects between the two different
PCMs (Case 3) can not be neglected. In the charging mode,
the solid-liquid interface of the two different PCMs (Case 3)
is almost the same compared with that presented in cases (1)
and (2). The liquid fraction of PCM1 is increased from 0.46
to 0.47 and the latent heat energy stored is increased from
0.7728×105 to 0.7896×105 kJ/kg. However, the liquid fraction
of PCM2 is decreased from 0.25 to 0.24 and the latent heat
energy stored is decreased from 0.5×105 to 0.48×105 kJ/kg.
The latent heat energy stored is 1.5456×105, 105 and
1.2696×105 kJ/kg in cases (1), (2) and (3), respectively. For
an inlet velocity of 10-6 m/s, the liquid fraction of PCM1 is
increased from 0.35 to 0.37 and the latent heat energy stored
is increased from 0.588×105 to 0.6216×105 kJ/kg. However,
the liquid fraction of PCM2 is decreased from 0.17 to 0.15
and the latent heat energy stored is decreased from 0.34×105

to 0.3×105 kJ/kg. The latent heat energy stored is 1.176×105,
0.68×105 and 0.9216×105 kJ/kg in cases (1), (2) and (3),
respectively.
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In the discharging mode, the thermal interaction appears
clearly for an inlet velocity of 10-5 and 10-6 m/s. It can be seen
that the thermal discharging of PCM2 was accelerated and the
thermal discharging of PCM1 was reduced in Case 3. For 10-5

m/s, the liquid fraction of PCM1 is increased from 0.81 to
0.88 and the latent heat energy stored is increased from
1.3608×105 to 1.4784×105 kJ/kg. However, the liquid fraction
of PCM2 is reduced from 0.25 to 0.18 and the latent heat
energy stored is reduced from 0.5×105 to 0.36 ×105 kJ/kg.
The latent heat energy stored is 2.7216×105, 105 and
1.8384×105 kJ/kg in cases (1), (2) and (3), respectively. For

10-6 m/s, the liquid fraction of PCM1 is increased from 0.7 to
0.9 and the latent heat energy stored is increased from
1.176×105 to 1.8×105 kJ/kg.

However, the liquid fraction of PCM2 is reduced from
0.17 to 0.06 and the latent heat energy stored is reduced from
0.34×105 to 0.12 ×105 kJ/kg. The latent heat energy stored is
2.352×105, 0.68×105 and 1.92×105 kJ/kg in cases (1), (2) and
(3), respectively.

Temperature [K]

Case 1 Case 3 Case 2

v =10-4 m/s

v=10-5 [m/s]

v =10-6 [m/s]

Fig.2 Velocity effect of water flow on the thermal behavior of two adjacent spheres filled with two different PCM (case 3) at t=2000 s, during charging
mode.
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Temperature [K]

Case 1 Case 3 Case 2

v =10-4 m/s

v=10-5 [m/s]

v =10-6 [m/s]

Fig.3 Velocity effect of water flow on the thermal behavior of two adjacent spheres filled with two different PCM ((case 3)
PCM1-PCM2) at t=6000 s during discharging mode.

Table 2 latent heat energy stored [kJ/kg] by sphere in different cases during charging (at t=2000 s) and discharging (at t=6000 s)
modes, with different flow velocity.

Charging mode at t = 2000 s

Case 1 Case 3 Case 2

Inlet velocity

[m/s]

fl

PCM1

latent heat

stored

fl latent heat stored fl

PCM2

latent heat

storedPCM1 PCM2 PCM1 PCM2

10-4 m/s 0.87 1.4616×105 0.87 0.54 1.4616×105 1.08×105 0.54 1.08×105

10-5 m/s 0.46 0.7728×105 0.47 0.24 0.7896×105 0.48×105 0.25 0.5×105

10-6 m/s 0.35 0.588×105 0.37 0.15 0.6216×105 0.3×105 0.17 0.34×105
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Discharging mode at t = 6000 s

10-4 m/s 0.57 0.9576×105 0.57 0.39 0.9576×105 0.78×105 0.39 0.78×105

10-5 m/s 0.81 1.3608×105 0.88 0.18 1.4784×105 0.36×105 0.25 0.5×105

10-6 m/s 0.7 1.176×105 0.9 0.06 1.8×105 0.12×105 0.17 0.34×105

VI CONCLUSION

Numerical simulation of the thermal behavior of melting
and solidification of two different PCMs, inside an aluminum
sphere, was investigated in this paper. Stationary liquid water,
at 70 0C in the charging mode and 32 0C during both charging
and discharging mode. We can be conclude, that during the
charging mode, increasing the inlet velocity from 10-5 to 10-4

m/s can increase the latent heat energy stored by 50%. This
improvement becomes 27.41% when increasing the inlet
velocity from 10-6 to 10-5 m/s. Moreover, during the
discharging mode, increasing the inlet velocity form 10-5 to 10-

4 m/s can decrease the latent heat energy stored by 5.48%. This
reduction becomes 4.25% when increasing the inlet velocity
form 10-6 to 10-5 m/s. Thus, with thermal interaction, the latent
heat energy stored by two different PCMs (Case 3) is not the
arithmetical addition of that stored with the same PCM in
cases (1) and (2). Therefore, decreasing the velocity of the heat
transfer fluid (water) increases the heat storage and accelerates
the discharging mode.
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