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Latent heat thermal storage (LHTS) using phase change materials (PCMs) is one of the efficient and useful tech-
nologies in conservation and retention of thermal energy. One of the main advantages of this technology is the
utilization of such systems in cooling/heating applications where the air is the heat transfer fluid (HTF). Gener-
ally, the heat transfer rate in a LHTS unit and its efficiency depends on the difference between the melting tem-
perature of the PCM and the HTF temperature. If a single PCM is used, the temperature difference between the
PCM and the HTF along the flow direction will be decreased. This leads to a decrease in the heat transfer rate
and efficiency. In this case, nearly a constant temperature difference between the PCM and the HTF can bemain-
tained during phase change. Therefore, the heat transfer rate to/from the PCM is constant. This work presents a
two-dimensional numerical investigation of the performance of the LHTS unit which is composed of several rect-
angular PCM slabs. The enthalpy method is used to solve the governing equations for the melting process in
PCMs. The convective heat transfer inside the air channels is analyzed by solving the energy equation, which is
coupled with the heat conduction equation in the PCM wall. The general equations of temperature and the
local liquid fraction are discretized with the finite difference method and are solved by a fully implicit scheme.
The effect of geometrical parameters of storage such as the PCM slab thickness and the length aswell as the effect
of air flow rate in the outlet air temperature of storage are investigated.
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1. Introduction

Nowadays energy storage (ES) has been acquired to a position
where it can have a significant result on modern technology. In special,
ES is critically necessary to the accomplishment of any intermittent en-
ergy source in meeting demand. For instance, the need for storage in
solar energy applications is severe, notably, meanwhile the solar energy
is least available in winter [1,2].

In the present work, the melting process of the PCM and the heat
transfer in HTF are studied numerically. The solution is carried out
using a two-dimensional enthalpy method. The performance of a LHTS
employingmultiple PCMs is investigated. Fig. 1 illustrates the schematic
diagram of the system. The system consists of several slabs of PCMs in
which each slab contains two different PCMs. Air flows in channels be-
tween PCM slabs.

Zivkovic and Fujii performed a numerical analysis for isothermal
phase change of the PCM encapsulated in rectangular and cylindrical
containers based on the enthalpy method. Nedjar [3] stated an efficient
oseinzadeh).
algorithm for solving non-linear heat transfer problemswhen the phase
change takes place over a non- isothermal temperature range.
Vakilaltojjar et al. [4] presented a semi-analytical model to evaluate
the appearance of the storage systems in air conditioning and studied
the impact of slab thickness on storage. Halawa et al. [5] improved a nu-
merical analysis of freezing and melting of a PCM thermal storage unit
(TSU) with a different wall temperature. Vyshak and Jilani [6] analyzed
the total melting time of a PCM packed for three containers of various
geometric configurations (cylindrical, rectangular, and cylindrical
shell) having the same capacity and heat transfer surface area. Also,
they determined that an increase in the inlet temperature of the HTF
from a lower range of values results in a significant decrease in the en-
ergy storage timewhile the outcome of the inlet temperature of theHTF
diminishes sharply at greater values. Chamkha et al. [7–10] proposed an
analytical and numerical model of Single/Hybrid Nanoparticles PCM
over a heated horizontal cylinder and MHD phase change heat transfer
in an inclined enclosure. Saman et al. [11] employed a two-dimensional
numerical method based on the enthalpy formulation and investigated
the thermal appearance of a flat thermal storage unit. The outlet air
temperatures and heat transfer rates predicted by this model were
compared with experimental data, and showed close cooperation.
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Fig. 1. Schematic diagram of the LHTS unit [16].
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Halawa et al. [12] proposed a phase change processor algorithm to solve
the phase change of the PCM in melting and solidification methods and
also to determine the liquid fraction of the PCM node. Mosaffa et al.
[13–15] presented energy, exergy and environmental analysis of air
conditioning systems with thermal storage units. Hoseinzadeh et al.
[16] studied a numerical analysis of performance of energy storage
systems using two PCM with different nanoparticles.

2. Mathematical formulation

The solution of transient heat transfer problems involving melting
or solidification generally referred as “phase change” or “moving
boundary” problems is inherently difficult because the interface
between the solid and liquid phases is moving as the latent heat is
absorbed or released at the interface. As a result, the location of the
solid-liquid interface is not known a priori and must follow as a part
of the solution [17]. Numerical solution of unsteady two dimensional
melting in a rectangular thermal energy storage unit containing slabs
with multiple PCMs is studied. Voller [18,19] have shown that the
enthalpy form of the energy equation can be written as:

∇∙ k∇Tð Þ ¼ ρ
∂H
∂t

ð1Þ

The total enthalpy H can be divided into sensible and latent heat
components. Therefore, an alternative form of Eq. (1) is as:

H ¼ hþ L∙ f ð2Þ

where h is sensible heat which can be written as:

h ¼
ZT
Tm

CdT ð3Þ

where Tm is themelting temperature of the PCM. In Eq. (2), f is the local
liquid fraction and for isothermal phase change is Fig. 1.

Defined as:

f Tð Þ ¼ 1 if TNTm Liquidð Þ
0 if TbTm Solidð Þ

�
ð4Þ

Substituting Eq. (4) into Eq. (1) gives:

∂h
∂t

¼ div
k
ρ

grad T
� �

−L
∂f
∂t

ð5Þ

The governing energy equation for transient two-dimensional iso-
thermal phase change of PCM with initial and boundary conditions is
written as follows:

∂h
∂t

¼ k
ρ

∂2T
∂x2

þ ∂2T
∂y2

 !
−L

∂f
∂t

ð6Þ
T x; y;0ð Þ ¼ Ti ð7Þ

k
∂T x;0; tð Þ

∂y
¼ −k

∂T x; a; tð Þ
∂y

¼ hc Tw−Tfð Þ ð8Þ

∂T 0; y; tð Þ
∂x

¼ −k
∂T l; y; tð Þ

∂x
¼ 0 ð9Þ

The governing energy equationwith initial and boundary conditions
for incompressible and laminar flow with no viscous dissipation are
written as [20,21]:

∂Tf

∂t
þ u

∂Tf

∂x
¼ kf

ρ f c f

∂2Tf

∂y2

 !
ð10Þ

Tf x; y;0ð Þ ¼ Ti ð11Þ

kf
∂Tf x;0; tð Þ

∂y
¼ −kf

∂T x;−b; tð Þ
∂y

¼ hc Tw−Tfð Þ ð12Þ

Tf 0; y; tð Þ ¼ Tinlet ð13Þ

The convective heat transfer coefficient is defined as:

hc xð Þ ¼ −
k

Tf ;b xð Þ−Tw xð Þ ∙
∂T x; yð Þ

∂y
ð14Þ

where Tf, b is the fluid bulk temperature defined as:

Tf ;b ¼
R
u yð ÞTf x; yð ÞdyR

u yð Þdy ð15Þ

Therefore, the local Nusselt number will be as:

Nu xð Þ ¼ hc xð ÞDh

kf
ð16Þ

3. Numerical solution

The domain of solution is consisted of the half part of one PCM slab
and half part of the air gap where partitioned in equidistant nodes. The
control volume associated with each node has thicknesses Δx and Δy in
the x- and y-directions, respectively. The central difference discretization
of temperature field for any internal node (i, j) can be written as:

Any internal node (i, j) can be written as:

∂hi; j

∂t
¼ k

ρ Δxð Þ2
Ti−1; j−2Ti; j þ Tiþ1; j
� �þ k

ρ Δyð Þ2
Ti; j−1−2Ti; j þ Ti; jþ1
� �

−L
∂ f i; j
∂t

ð17Þ

For isothermal phase change the temperature of a given control vol-
ume, remains constant at melting/freezing temperature. Consider the sit-
uation that the PCM in the control volume (i, j) is fully solid or fully liquid.
In this state, with considering Eq. (4), the value of f will be equal to 0 or 1.
From the definition of the sensible enthalpy (∂hi, j/∂t = c∂Ti, j/∂t) with
substituting in Eq. (17), the heat diffusion equation is defined as:

∂Ti; j
∂t

¼ k

ρc Δxð Þ2
Ti−1; j−2Ti; j þ Tiþ1; j
� �þ k

ρc Δyð Þ2
Ti; j−1−2Ti; j þ Ti; jþ1
� �

ð18Þ

Backward differencing of the temperature term at the left side
and using a fully implicit scheme with considering the thermal



Table 1
Thermal properties of the selected PCM [21].

Property CaCl2·6H2O RT25

Density, ρ (kg m−3) 1710 (solid) 785 (solid)
1530 (liquid) 749 (liquid)

Heat capacity, c (J kg−1 °C−1) 1400 (solid) 1410 (solid)
2200 (liquid) 1800 (liquid)

Thermal conductivity, k (W m−1 K−1) 1.09 (solid) 0.19 (solid)
0.53 (liquid) 0.18 (liquid)

Latent heat of fusion, L (J kg−1) 187,000 232,000
Melting temperature, Tm (°C) 29 26.6
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Fig. 3. The effect of PCM slab length on the outlet air temperature.
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diffusivity definition (∝ = k/ρc), the following discretized equation
results:

Ti; j ¼ Told
i; j

∝Δt

Δxð Þ2
Ti−1; j−2Ti; j þ Tiþ1; j
� �þ ∝Δt

Δyð Þ2
Ti; j−1−2Ti; j þ Ti; jþ1
� �

ð19Þ

When melting occurs within the control volume (i,j), the liquid
fraction f lies in the interval [0, 1]. In this case, Ti, j = Tm and therefore
∂hi, j/∂t = 0. So, the fully implicit finite difference equation of Eq. (17)
for an internal control volume can be written as:

f i; j ¼ f oldi; j
kΔt

ρL Δxð Þ2
Ti−1; j−2Ti; j þ Tiþ1; j
� �þ kΔt

ρL Δyð Þ2
Ti; j−1−2Ti; j þ Ti; jþ1
� �

ð20Þ

3.1. Start and end of melting process

For a given time step, if Ti, j ≥ Tm while Ti, jold b Tm, it indicates that
within this time step, the control volume, begins with melting, and if
fi, j ≥ 1 while fi, jold b 1, it indicates that, the control volume has melted
completely.

4. Results and discussion

For air conditioning systems PCMs have to have a melting tempera-
turewithin the range of human comfort conditions. The PCMs considered
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Fig. 2. Comparison of outlet air temperature time history by the effective heat capacity
method and enthalpy method.
in this investigation are calcium chloride hexahydrate (CaCl2·6H2O) and
RT25. They are packed in the system in decreasing order of their melting
points. Thermal properties of the PCMs are listed in Table 1.
4.1. Model validation

To show the validation of the present method, results that are ob-
tained with present method are compared with the results reported
by articles [17–22]. We used the effective heat capacity method as
the numerical method and modelling was carried out using COMSOL
Multiphysics and MATLAB [23–30]. Fig. 2 shows the outlet air
temperature time history with similar storage dimensions. The
inlet air temperature and initial temperature of the PCMs are 36 °C
and 25 °C, respectively. The figure shows a great agreement between
the contemporary model and those stated.
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Fig. 4. The effect of PCM slab length on the heat transfer rate.
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Table 2
Storage dimensions used in the calculations.

Thickness of PCM slabs, a 10 mm
Thickness of air channels, b 4 mm
Length of PCM slabs, l 1.3 m
Height of storage 0.5 m
Width of storage 1.12 m

Air flow rate, _V 1200 m3 h−1 (u = 2 m s−1)
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4.2. Multiple PCMs thermal storage units

The thermal storage dimensions presented in Table 1 are used for
the calculations. The Comparison of outlet air temperature time history
by the effective heat capacity method and enthalpymethod is shown in
Fig. 2.

Fig. 3 shows the effect of PCM slab length on the outlet air tempera-
ture. Air temperature increases quickly to the initial temperature of the
PCMs in a short time. In the result of the heat transfer between the air
flow and the PCMs wall, the temperature of the surface of the PCMs
reaches to the melting temperature and the outlet air temperature
rises slowly because a large portion of the heat is used to melt the
PCMs. The results show that an increase in the length of the PCMs causes
a decrease in outlet air temperature.

Fig. 4 shows the effect of the length of the PCM slabs on the heat
transfer rate during the melting process. When the outlet air tempera-
ture rises, due to the decrease in the temperature difference between
the air and the PCM, the heat transfer rate decreases sharply. When
the temperature of the boundary points of the PCM slabs reaches to
the melting point, the heat transfer occurs with a constant rate. This is
reflected in a very slow increase in the air outlet temperature. The re-
sults show that increasing the PCM slabs causes increases in the heat
transfer rate (Table 2).

Fig. 5 illustrates the effect of the PCM slab thickness on the outlet air
temperature when themass of the PCM remains constant. Reducing the
slab thicknesswith a constantmass of the PCM causes an increase in the
heat transfer area because the number of slabs will be increase. There-
fore, the heat transfer rate is increased and the outlet air temperature
is decreased.

Figs. 5 and 6 shows the outcome of the air channel thickness on the
outlet air temperature. For a given slab thickness, as the air gap is
Time (s)

O
u
tl
et
A
ir
T
em
p
er
at
u
re
(°
C
)

0 3600 7200 10800 14400 18000 21600 25200 28800
24

25

26

27

28

L=1.3 a=10
L=1.3 a=8.0
L=1.3 a=6.0

L (m) a(mm)
______________________

Air flow rate= 1200 m3/hr

Fig. 5. The effect of PCM slab thickness on the outlet air temperature.
decreased, the Reynolds number remains constant (the air velocity is in-
creased, but the hydraulic diameter is reduced) and accordingly, Nusselt
does not vary. Nevertheless, the convective heat transfer coefficient is
increased as a result of the decrease of the hydraulic diameter.

Fig. 7 shows the effect of the air flow rate on the outlet air tempera-
ture. Increasing the air flow rate and the velocity increases the Reynolds
number. Therefore, the Nusselt number and the heat transfer coefficient
are increased and the heat transfer rate and the outlet air temperature
are raised. It can be seen that to keep the outlet air temperature below
the 28 °C for about 8 h, the maximum air flow rate for the system is
1450 m3 h−1.

Fig. 8 shows the predicted time of the melting of the multiple PCMs
encapsulated in the LHTES with different inlet air velocities. The liquid
fraction of the PCM indicated how much of a PCM in the storage is
molted. As shown in Fig. 8, an increase in the air velocity results in in-
creases in the Reynolds and Nusselt numbers and the heat transfer
rate and therefore, the fraction of molten PCM increases.
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Fig. 7. The effect of air flow rate on the outlet air temperature.
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5. Conclusion

A numerical investigation based on the enthalpy method is devel-
oped for themelting process of multiple PCMs encapsulated in a rectan-
gular container. Air is used as the heat transferfluid andCaCl2·6H2O and
RT25 as the PCMs. The results show that a better performance can be
obtained by using longer and thinner PCM slabs. Also, by using a smaller
air channel thickness, the outlet air temperature decreases. By using
thinner PCM slabs, the number of PCM containers increases. Therefore,
the total volume of the storage system increases and this leads to a
higher pressure drop across the storage system. A comparison between
different air flow rates and their influence on the outlet air temperature
and a fraction of the molten PCM is shown. The results show that when
the flow rate is increased, the fraction of themolten PCM and the outlet
air temperature are increased.
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Nomenclature
a thickness of PCM slab, m
b thickness of air channel, m
c specific heat of PCM, J kg−1K−1

cf specific heat of air, J kg−1K−1

Dh hydraulic diameter, m
f liquid fraction
H total enthalpy, J kg−1

h sensible enthalpy, J kg−1

hc convective heat transfer coefficient, W m−2 K−1

k thermal conductivity of PCM, W m−1 K−1

kf thermal conductivity of air, W m−1 K−1

L latent heat of fusion, J kg−1

l length of storage, m
Nu(x) local Nusselt number
T PCM temperature, °C
Tm melting temperature, °C
Tf fluid temperature, °C
Tf, b fluid bulk temperature, °C
Tw wall temperature, °C
Ti initial temperature, °C
Tinlet inlet temperature of air, °C
t time, s
u velocity of air, m s−1

_V volumetric flow rate, m3 h−1

α thermal diffusivity of PCM, m2 s−1

ρ density of PCM, kg m−3

ρf density of air, kg m−3
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