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Theobject of this paper is to present a simplemodel for the latent storage systems by using aphase-changematerial

encapsulated in the spherical capsules. When designing phase-change-material systems, it is important to minimize

thermal irreversibilities, because it works best when irreversibilities are done. In this paper, second law analysis is

used to evaluate the irreversibility of the system. The effects of different parameters are also discussed. The proposed

model can be applied to the charge and the discharge mode. Exergy efficiency is also evaluated.

Nomenclature

A = superficial particle area per unit bed volume, m�1

cf = specific heat of the heat-transfer fluid, J kg�1 K�1

cPCM = specific heat of the PCM, J kg�1 K�1

D = outer diameter of the capsule, m
_Excv = rate of exergy change of the control volume, w
kf = thermal conductivity of the working fluid, Wm�1 K�1

kPCM = thermal conductivity of the PCM,Wm�1 K�1

k�PCM = effective thermal conductivity of the PCM, Wm�1 K�1

LF = heat of fusion of the PCM, J kg�1

m = mass of the PCM inside the tank, kg
_m = mass flow rate of the heat-transfer fluid, kg s�1

Ns = entropy generation number
Nu = Nusselt number
P�t� = useful power, W
Pr = Prandtl number
R = specific gas constant, J kg�1 K�1

Re = Reynolds number
_Sgen = entropy generation rate, WK�1

s = specific entropy of the fluid, J kg�1 K�1

Tf = temperature of the working fluid, K
TM = melting temperature of the PCM, K
Tini = initial temperature in the charging process, K
Tint = inlet temperature of the fluid, K
Tout = outlet temperature of the fluid, K
TPCM = temperature of the PCM, K
t� = dimensionless time
Uf = heat-transfer coefficient, Wm�2 K�1

Ve = velocity of the working fluid m s�1

x = axial coordinate, m
� = fraction of the liquid PCM inside the capsules, m
�P = pressure drop, Pa
�T = difference between the inlet and the melting

temperatures, K
" = porosity of the tank
� = dynamic viscosity of the fluid, Kgm�1 s�1

�f = density of the heat-transfer fluid, kgm�3

�PCM = density of the PCM, kgm�3

� = duration of the thermal storage, s

I. Introduction

L ATENT-HEAT thermal energy storage (LHTES) systems
provide an effective way to make better use of the thermal

energy (Khudhair and Farid [1], Zalba et al. [2], Saito [3], Hasnain
[4], and Hall et al. [5]). These systems are based on the use of phase-
change materials (PCM).

Different PCM systems are reviewed and reported in research
(Zalba et al. [2]). Several characteristics are desired from a PCM to be
used for energy storage. Among them, melting point and
supercooling are particularly considered here, because the
application related to encapsulated PCM systems has been discussed
in previous research (Kousksou et al. [6], Ismail et al. [7], Arnold [8],
Eames and Adref [9], Saitoh and Hirose [10], Laybourn [11], and
Ismail et al. [12]). The data reported are mainly based on the first law
of thermodynamics. From a first law perspective, the efficiency of a
thermal energy storage system can be assessed in terms of howmuch
thermal energy the system can store.

The conventional energy analysis (based only on first law
analysis) is not sufficient enough to account for the actual
performance of the storage process, because it does not consider the
effect of irreversibilities on the system efficiency. That is why the
exergy analysis [based on second law analysis (Bejan [13])] is used
to get a clear picture of the various losses quantitatively as well as
qualitatively.

In the present work, we applymodels based on the first and second
laws of thermodynamics to analyze the latent energy storage. The
influences of different parameters on entropy generation during
thermal energy storage are also investigated. Exergy efficiency is
also evaluated.

II. Phase-Change Energy System

Figure 1 presents a latent-heat thermal energy storage system. The
system consists in using the spherical containers of PCM, randomly
set into a tank. It should be used for storing solar energy using PCM,
for which the melting point can be changed from 18 to 60�C and
which does not present supercooling. Theworking fluid can be air, in
solar applications, or gas in other industrial processes. During the
charge mode, the working fluid from the heat source flows through
the tank, causing the melting of the encapsulated PCM, whereas
during the discharge mode, the cooled fluid, which passes through
the capsules, crystallizes the PCM.

The fluid is then used to provide heating either directly or through
a heat exchanger. The spherical capsules were chosen because of
their performance and easy introduction into various tanks.

III. Physical Model and Derivation

The tank filled with the PCM is considered as a porousmedium. In
this model, the following assumptions are considered:

1) The PCM capsules form a continuous medium. We do not
consider the capsules as independent particles.

2) Thermal gradients within the capsules are negligible. In general,
a temperature gradient within the capsule can be negligible when the
Biot number (UfD=kPCM) is less than 0.1. In the present study, this
condition is verified.
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3) The thermophysical properties of the PCM and of the heat fluid
flow are temperature-independent.

4) Overall heat-transfer coefficients between the capsules and the
coolant are constant during the charge period.

5) Fluid flow is considered unidirectional.
Based on the preceding assumptions, the energy equations for the

fluid can be written as

"��c�f
�
@Tf
@t
� Ve

@Tf
@x

�
� @

@x

�
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�
�UfA�TPCM � Tf� (1)

During sensible heat storage, when the PCM is completely solid or
liquid, the corresponding governing equation can be written in this
form:
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In the latent-heat storage, when the PCM is changing phase, the
corresponding model takes this form:
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(3)

where �f and cf are, respectively, the density and the specific heat of
the fluid;Uf is the overall constant heat-transfer coefficient; A is the
superficial particle area per unit bed volume; Ve is the mean heat-
transfer fluid flow velocity; " is the void fraction of the tank; � is the
fraction of the liquid PCM inside the capsules; TM is the melting
temperature of the PCM; and LF is the latent heat resulting from the
melting of PCM.

In the preceding equations, the effective thermal conductivity
k�PCM is evaluated from the Schmidt correlation (Donnadieu [14]):

k�PCM � 1:72kf

�
kf
kPCM

�
0:26

(4)

The initial and boundary conditions are specified by

Tf�x; 0� � TPCM � Tini (5)

Tf�0; t� � Tint (6)

@Tf�L; t�
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� 0 (7)

@TPCM�0; t�
@x

� @TPCM�L; t�
@x

� 0 (8)

It is noted that �� 0 if the capsules are in a completely solid state,
and �� 1 in the case in which the whole containers are in a liquid
state.

The convection heat-transfer condition at the external surface of
the capsules can be treated by using the mean Nusselt number (Gunn
[15]), given as

Nu� �7 � 10"� 5"2��1� 0:7Re0:2Pr0:33�
� �1:33 � 2:44"� 1:2"2�Re0:7Pr0:33 (9)

The Reynolds number Re can be obtained from the relation

Re�
�fVeD

�
(10)

whereD is the diameter of the sphere, and� the dynamic viscosity of
the fluid. The pressure drop can be calculated by using the Ergun
equation (Bird et al. [16]) :
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where Pout and Pint are the outlet and inlet pressures of thermal
storage tank. The length of the thermal storage tank and the capsule
diameter are L and D, respectively. The viscosity of the fluid is �f .
The superficial velocity of the coolant flowing through the thermal
storage tank with no paraffin capsules is u0.

The finite difference equations are obtained by integrating the
conservation equations over a control volume. The resulting finite
difference scheme is solved iteratively at a given time step, with a
tridiagonal matrix solver.

IV. Results and Discussion

In this section, only the charge mode is considered. In all
calculations, we suppose that the inlet temperature Tint of the
working fluid remains at a constant value (Fig. 2). The charging
process is terminated when the PCM temperature at the outlet of the
tank reaches the value of the inlet temperature Tint. The effects of the
Reynolds number of the working fluid and the difference �T
(between the inlet temperature of the heat-transfer fluid throughout
the heat storage system and themelting temperature) on the behavior
of the storage tank are discussed.

Fig. 1 Phase-change system.
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Fig. 2 Temperature variation during the storage period.
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A. First Law Analysis

Figure 3 presents the effect of the Reynolds number Re on the
duration of the total completion of the storage process for various
values of �T. We note that an increase in the Reynolds number or
�T leads to a decrease in the charging time. These results are evident
because the increase in both the Reynolds number and the inlet
temperature of the working fluid, involves an increase in the heat
transfer between the PCM and the fluid.

To evaluate the performance of the storage tank, the useful power
P�t� versus time was calculated:

P�t� � _mcf�Tint��Tout�t�� (12)

where _m is themassflow rate of thefluid, andTint andTout are the inlet
and the outlet temperatures of the heat-transfer fluid.

Figures 4 and 5 show the effect of�T and theReynolds number on
the useful power as a function of the percentage of the stored latent
energy, respectively. At the initial period of storage, a sharp drop of
the useful power is observed. This is due to the sudden increase of the
inlet temperature, whereas the outlet remains constant at the
beginning of the process. The duration of this increase represents the
time required for the fluid to flow through the tank from the inlet to
the outlet. Then the useful power stabilizes as a result of melting.

Before this stabilization, the useful power decreases. In general, any
increase of �T or the Reynolds number leads to an increase in the
useful power.

The tank can be regarded as a heat exchanger for which the
efficiency is defined as the relationship between transferred heat flow
and maximal transferable heat flow:

��t� �
_Q�t�
_Qmax

�
_mcf�Tint � Tout�t��
_mcf�Tint � Tini�

� Tint � Tout�t�
Tint � Tini

(13)

The influences of�T and the Reynolds number on the efficiency
of the storage tank versus the percentage of latent stored energy are
shown in Figs. 6 and 7. As the time of storage increases (time
required for the total completion of the charging process), the system
efficiency decreases during sensible heating of the solid PCM and it
remains constant during the phase change. After phase change, the
efficiency then further decreases when the liquid PCM is
significantly heated. This is due to the fact that as charging proceeds,
the temperature difference between the operating fluid and the PCM
in the storage tank decreases.Fig. 3 Effect of the fluid velocity on the charging time.

Fig. 4 Variation of the useful power versus the percentage of latent

stored energy for different �T.
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Fig. 5 Variation of the useful power versus the percentage of latent

stored energy for various Reynolds numbers.
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We can also note that the system efficiency increases as the inlet
temperature of the working fluid goes up. However, it decreases
when the Reynolds number increases. The dependence of the
efficiency at�T ismore pronounced thanwith theReynolds number.

We have also studied the effect of the capsule diameter D on the
pressure drop inside the tank. Figure 8 shows the variation of the
pressure drop through the tank versus D and for various fluid
velocities. The pressure drop increases strongly with velocity and is
much higher for cases with lower capsule diameters. An optimized
design must balance the heat-transfer performance for the given
porous configuration with the pressure drop penalty. An interesting
performance-to-penalty measure is the ratio of the heat-transfer
coefficient to pressure drop. This is shown as a function of velocity in
Fig. 9. This ration is much higher at lower velocities and decreases
rapidly with velocity, indicating the benefits of system optimization
for the lowest possible velocity. Figure 9 also shows the ration
decrease sharplywith decreasing capsule diameter. This indicates the
benefit of using the largest diameter possible for the capsule.

The results presented up to now are based on a first law of
thermodynamics model. From these results, we can note that a
combination of a low Reynolds number and a high inlet temperature
of the operating fluid seems to be the ideal combination for the range
of the study parameters investigated.

B. Second Law Analysis

Todraw conclusionswithmore precision,we applied a second law
analysis. Usually, the increase of�T and the Reynolds number leads
to an increase in two kinds of irreversibilities: one is due to heat
transfer through the temperature gradient, and the second is due to the
fluid flow through the tank.

In fact, global energetic efficiency depends principally on the
value of these two parameters. For high values of�T, energy storage
is possible for a short duration, but it would be necessary to have a
source of heat (for example, high-efficiency solar collectors). On the
other hand, high Reynolds numbers also lead to a short storage
duration; however, these cause mechanical irreversibilities and
additional pumping work.

To optimize the irreversibility inside the storage system during the
charge period, the entropy generation number Ns is considered
(Bejan [13]). This number is defined as the ratio of the destroyed
exergy (during the time interval [0,t]) to the exergy stored by the
system during the same interval; that is,

Ns �
T0
R
t
0
_Sgen dtR

t
0
_Excv dt

(14)

Tank (control volume) is considered as an open system. During the
charge mode, the fluid enters the system, flows through the nodules

and exits colder. _Sgen is the instantaneous rate of entropy. The second
law of thermodynamics states

_S gen �
@S

@t
� _m�sint � sout� � 0 (15)

where @S=@t is the instantaneous variation of the entropy of the
system, and both sin and sout are the specific entropy of the fluid at the
inlet and the outlet of the bed. Assuming that air is an ideal gas, the
specific entropy change of the fluid can be calculated:

sin � sout � cf ln
�
Tint
Tout

�
� R ln

�
Pout

Pint

�
(16)

Assuming that the pressure of the inlet air is equal to the atmospheric
pressure Pa, Eq. (15) can be written as

sin � sout � cf ln
�
Tint
Tout

�
� R ln

�
1��P

Pa

�
(17)

The entropy variation of the system is the sum of the entropy
variation of all the parts in each control volume:
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Fig. 7 Effect of the Reynolds number on the thermal efficiency of the

storage tank.

Fig. 8 Variation of pressure drop versus the fluid velocity for different

capsule diameters.

Fig. 9 Ratio of heat-transfer coefficient to pressure drop as a function
of velocity for various capsule diameters.
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For the fluid flow,

@Sair;i
@t
� �cf�Vi

@

@t
�ln Ti� (19)

In thismodel, we neglect the entropy variation of the plastic capsules.
For the solid or liquid PCM, the corresponding equation is

@SPCM;i
@t

� �PCMcPCM�1 � ��Vi
@

@t
�ln TPCM;i� (20)

During the melting process, the equation can be written as

@SPCM;i
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� �1 � ��Vi�lLF
Tm

@fi�t�
@t

(21)

_Excv is the time rate of change exergy of the control volume. It is
defined as

_Excv � _Exinl � _Exout

z�������}|�������{1

� T0 _Sgen
z�}|�{2

(22)

where the first and second terms correspond, respectively, to the rate
of exergy transfer and exergy time rate.

The rate of exergy transfer can be expressed as

_Exinl � _Exout � _mcf�Tinl � Tout� � T0 _mcf ln
�
Tinl
Tout

�
(23)

Figures 10 and 11 show the effect of�T and Reynolds number on
the fraction of destroyed exergy. The variations ofNs are represented
versus the dimensionless time (this is the time required for the total
completion of the process).

During the initial period of the latent storage, the entropy
generation number Ns increases when the dimensionless time
increases. This increase is due to the fact that during this period, the
temperature of both the operating fluid and the PCM increase at a
faster rate. Moreover, the temperature difference between them also
increases continuously until the PCM reaches its melting
temperature. This causes an increase in the irreversibility inside the
tank. During this period, Ns increases, thus increasing either �T or
the Reynolds number.

After the initial period (during the phase-change period and the
sensible heating of PCM), the entropy generation numberNs remains

nearly constant. This is due to the decrease in both the irreversibility
and the temperature gradient between the working fluid and PCM
within the storage tank. Unlike the initial period, Ns decreases,
therefore increasing �T and the Reynolds number.

We can also note that the irreversibility within the LHTES is
strongly affected by the inlet temperature of the operating fluid.
Based on the obtained results (second law analysis), the availability
losses of the system can be reduced by proper selection of the
Reynolds number and the inlet temperature. Particular attention
should be given to the inlet temperature, because the results have
shown that theReynolds numberRehas less influence on availability
losses.

V. Exergy Efficiency

After the storage operation, it is desirable to release the working
fluid at a constant temperature as long as possible and with a higher
power. The tank works best during this period, as was studied by
applying the basis of exergy principle. In the discharge process, the
enthalpy efficiency is defined as

��
Qf

QL

�
cf _m�Tout � Tint��t

mLF
(24)
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Fig. 12 Effect of the Reynolds number on three energy efficiencies:

enthalpy efficiency, Carnot efficiency, and exergy efficiency.

238 KOUSKSOU ET AL.



where Qf is the enthalpy of outlet fluid at the period of constant
temperature, andQL is the latent heat of PCM inside the tank. Exergy
efficiency is defined as enthalpy efficiency times Carnot efficiency
[1 � �Tint=Tout�]. The enthalpy efficiency expresses the total quantity
of energy, whereas the exergy efficiency reflects the quality of the
energy. Therefore, it is desirable to operate the latent storage system
under maximum exergy efficiency.

Figure 12 illustrates the effect of the Reynolds number on three
energy efficiencies. With increase of the Reynolds number, enthalpy
efficiency increases; however, Carnot efficiency decreases because
outletfluid temperature lowered.As a result, exergy efficiency shows
maximum value.

VI. Conclusions

This paper analyzed the performance of a thermal storage tank
during the charging process by using spherical capsules with varying
inlet fluid temperature and fluid velocities. This study revealed that
an increase in the inlet temperature of the coolant fluid to reduce the
duration of the latent storage leads to significant exergy destruction
within the overall system. The irreversibilities are mainly affected by
the inlet temperature. This results cannot be expected from a first law
analysis. The storage tank works at its optimum during the
discharging period, which is determined from its exergy efficiency.
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