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In TES system the thermal energy is stored by changing the temperature of a storage medium
and/or adopting the Phase Change Material (PCM). One of the main goal for a TES system
is to optimize the charging and discharging rate of thermal energy improving the heat transfer
between the working fluid and the TES system by increasing the surface exchange area. In
the present work a computational investigation on thermal energy storage system using
Phase Change Material (PCM) is accomplished. The system is built by a set of parallel plate
channels, half of them are filled with PCM and in the others the working fluid is free to flow.
Different channels per unit of length (CPL) are investigated. Two approaches are evaluated:
a heat transfer conjugate approach where every geometrical detail is evaluated and a porous
media approach where the TES system is considerate homogeneous. A comparison between
a conjugate-heat-transfer direct model and a porous medium model is carried out. The porous
medium is modeled using the Local Thermal Equilibrium assumption for the heat transfer
and for dynamic behavior the Darcy law is employed. An entropy generation analysis is
carried out for the porous medium model and the results are showed in term of temperature

evolution, liquid fraction and entropy generation.

1. INTRODUCTION

System for the energy saving and storage are mainly used in
many industrial and commercial applications to supply
thermal energy when it is required. The energy demand has
always been intermittent while the energy supply is often
provided in continuous way. In order to match the energy
demand with the energy supply, a Thermal Energy Storage
(TES) system is necessary to overcome this issue, in particular
by means of Latent Heat Thermal Energy Storage (LHTES)
systems with PCMs [1]. In LHTES systems, the energy is
stored using the Phase Change Materials because they have
high values of latent heat [2]. The Phase Change materials
have the advantage to store the thermal energy during the
phase change process maintaining the operating temperature
nearly constant. In literature have been studied different kind
of PCM [3] with various physical properties and in different
applications [4] such as solar energy, building, electronic
cooling.

In thermal storage applications, many authors have
investigated the influence of the PCM, for example Kurnia et
al. [5] have numerically investigated thermal energy storage
for different configurations in charging and discharging time
with PCM. By the results the presence of PCM influences the
heat transfer performance. A simplified analysis of parallel
plate system with parallel channels as a porous media is
accomplished in Buonomo et al. [6] for a sensible heat transfer
thermal storage system. The analysis has estimated an
optimized configuration in term of number of channel per unit
of length (CPL) to balance the pressure drop and heat transfer
rate in sensible heat transfer thermal storage. Two kind of
approaches are evaluated, conjugate-heat-transfer direct
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approach and porous media approach. The results showed that
for low CPL values (<4) the two approaches present some
significant differences whereas these differences become very
small for higher CPL. In literature there are few works about
the interaction between PCM and air in a matrix system useful
to increase the surface heat transfer area. Iten et al. [7] have
studied the interaction between phase change material with air
as heat transfer fluid in thermal energy storage system while
Stathopoulos et al. [8] both experimentally and numerically
have studied a PCM-air heat exchanger. The exchanger is a set
of 16 parallel placed aluminum plates filled with paraffin. The
unit was connected with an experimental platform allowing air
circulation through the plates. By the results a good agreement
between the numerical and experimental data is demonstrated.

The entropy generation analysis [9] is a technique to
quantify the significance of the irreversibilities. This analysis
uses the second law of thermodynamics for thermal design
optimization and it was developed for heat transfer and fluid
flow by Bejan in 1996. The entropy generation for latent heat
thermal storage systems have been reviewed in
Jegadheeswaran et al. [10]. It is important to choose an
appropriate PCM because it affects the LHTS systems
performance and a list of potential PCMs for different
operating temperatures and different applications is carried out
in [11]. A calculation of the entropy variation is produced by
El-Dessouky and Al-Juwayhel [12].

In the present work a computational investigation on
thermal energy storage system using Phase Change Material
(PCM) is accomplished. The system is built by a set of parallel
plate channels, half of them are filled with PCM and in the
others the working fluid is free to flow. Different channels per
unit of length (CPL) are investigated. Two approaches are



evaluated: a heat transfer conjugate approach where every
geometrical detail is evaluated and a porous media approach
where the TES system is considerate homogeneous. A
comparison between a conjugate-heat-transfer direct model
and a porous medium model is carried out. The porous
medium is modeled using the Local Thermal Equilibrium
assumption for the heat transfer and for dynamic behavior the
Darcy law is employed. An entropy generation analysis is
carried out for the porous medium model. Numerical
simulations are carried out using the Ansys-Fluent code for the
conjugate-heat-transfer direct model with 2n channels for
direct and equivalent porous medium. Results in terms of
temperature evolution, melting time, entropy generation and
Bejan number as function of time are presented and a
comparison between the two models is accomplished.

2. PHYSICAL MODEL

The system under analysis is made up of a set of different
parallel plates; in half of them PCM is present and in the others,
there is the working fluid, air flow. The depiction of the system
is shown in Fig.1.

The height of a single elementary channel is indicated as H
and the thickness is equal to 2s and the cross section area,
where the fluid flows, is HXW. The length L of the parallel
plate is 1 m.

The heat transfer working fluid is air while the solid
material is a ceramic material, cordierite. The PCM adopted in
this analysis is Potassium carbonate (K,COs3). The thermal
properties of the heat transfer fluid are temperature dependent,

thermal properties for the air is defined by the following
equations [13].

c, =1.06-10°—0.449T +1.14-10°T*-8-10'T® O
+1.93-107°°T*
k=-3.93-10°+1.02-10*T —4.86-10 °T* +1.52-10 "T* (2
= >
L

Figure 1. Sketch of the parallel plates with the single channel

while the properties of the solid and the phase change material size
are assumed temperature independent. The variation of
Table 1. Thermophysical properties
Material Density Specific heat Thermal Latent Melting Dynamic
(kg m®) (J kgt K1 Conductivity Heat Temperature | Viscosity
WmiK?Y | (kikg)) (K) (Pas)
Cordierite 2300 900 2.5 - - -
Air [13] Ideal gas Eqg. (1) Eq.(2) - - Sutherlan
Law d Law
K2COs [4] 2290 1513.69 [14] 2 235.8 1170.15 -
n N sorig [ awr PCM
1
2
n=21; CPL=4
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m=3; CPL=8

Figure 2. Sketch of honeycomb system with 1, 2 and 3 channel per unit of length (CPL)

The properties of materials are listed in Table 1.

The parallel plates system is crossed by the air while the
PCM is confined inside it, therefore the PCM is blocked in the
half of closed channels and the others can be crossed, as it
showed in Fig. 1. Different parallel plates systems are studied
for different air Channel per unit of length (CPL) with the
same porosity and volume. In particular, the parallel plates
system is studied with CPL equal to 1 and 4 and by the results
the permeability, effective thermal conductivity, local heat
transfer coefficient and specific area density are studied. The
parallel plates system with different CPL is showed in Fig. 2.

The relation between the channel height H and the thickness
s for different CPL is:

n:%; s,=— forn=12.. ®)

n Zn—l

H

where H and s are the values for 1 CPL and n = log2CPL.
Therefore, the porosity for this configuration is:

Vair H n H
V

- - (4)
o 2H, +4s,  2H +4s

where Ve is the air volume and Vet is the packaging volume.
The fraction of the PCM phase is equal to € because half of
channels are filled with PCM and the fraction of the cordierite
is equal 1-2¢. The relationship between unit of length U,
channel height H and thickness s is:

H=Ue¢

5= (1-26)/4 ©

U=2H+%—%

The porosity value ¢ is equal to 0.4 m and the unit of length
U is set to 0.2 m. The direct simulation of the parallel plates
systems is compared with a porous model with the same
characteristics such as permeability and effective thermal
conductivity. The enthalpy-based method is employed to
simulate the melting and solidification of PCM [15]. In this
method, during the phase change, a mixed solid-liquid phase
zone is present, called mushy zone. This region is defined
using a parameter called liquid fraction, B. This value ranges
from 0 to 1 in the mushy zone, while it is equal to zero when
the zone is fully solid and it is 1 when the zone is fully liquid:

£=0 T<T ~AT/2

=l A2 i cT<T AT 2
AT

B=1 T>T +AT/2

(6)

where T is the local temperature, 7, is the PCM melting
temperature, A7 is the temperature range in which the phase
change happens. The mushy zone is present in the range
temperature 47. In this study, the A7 is imposed to 2K in order
to avoid numerical instability. The PCM is enclosed inside the
channels and it is considered fixed without any movement,
while the air passes through with a mass flux equal to 0.05
kgm?s!.

It is more difficult to simulate the parallel plates system
when the number of CPL increases, therefore an equivalent
porous model is used and a comparison with the direct
simulation is carried out. In fact, the parallel plates matrix can
be considered as a porous medium where it is necessary to
define the characteristics such as effective thermal
conductivity k. and permeability K. The honeycomb porous
medium is anisotropic with an effective thermal conductivity
that has a value along z direction different respect to x and y
directions, while the permeability K is considered only along
the z direction because along the x and y directions the
permeability is null. The PCM, inside the porous model, is part
of the solid phase, because the liquid PCM, after the melting,
does not move because it is blocked inside the cavity closed.
Furthermore, Pal and Joshi [16] established that the natural
convection of the PCM is neglected in a honeycomb structure.
The permeability K is not influenced by the PCM, because it
depends by the dynamic effects of the porous medium.

K is evaluated by the study of Bahrami et al. [17] where the
average velocity uavg in a single parallel plate channel with is:

H? (A
Uy = PEJ )
12, | L

in which Ap is the pressure drop along the channel and uf is
the dynamic viscosity of the air. For low values of Reynolds,
a porous medium obeys to the Darcy law:

Ap K
2Ty 8

= ®
where up is the Darcy velocity, the relation between Darcy
velocity and average velocity is #up=¢ua,. The permeability K
for a single channel is evaluated as:

gH?
K== ©)
while the permeability for different CPL is:
H 2
K=o (10)
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The honeycomb direct model is a conjugate heat transfer
problem and it is compared with a porous model considering
the following hypothesis:

e Natural convection is neglected. This is valid for the PCM
because the enclosure cell is very small and the
phenomenon does not appear. [16]

e  The porous model is anisotropic. The thermal properties
have different values along the cartesian directions.

e The Darcy law (Eq. 9) is used to describe the dynamic
behavior of the porous media along the x direction,
therefore K=K, while in the other directions the
permeability is null.

e The Local Thermal Equilibrium (LTE) model is adopted
to simulate the heat exchange between the fluid zone and
solid matrix in the porous model. The fluid zone is the air
and the PCM is considered as a solid zone in the porous
model.

e The solid phase in the porous model takes into account the
behavior of the PCM and a unique solid temperature
function 7 is considered.

The governing equations for 2D porous model are presented
in Cartesian coordinates:

e  Continuity equation

a @=0 (12)
oX oy
e X -momentum equation
lou uadu v au op
Pl -t ot 2+ | A
ot & X & oy OX
(12)
W1 ﬁ( 5_“]+ﬁ N Ay
gl ) oy My )| K
e y—momentum equation
1ov uov v ov op
pr _EJFE 6X+8 oy _5
&
(13)
W1 ﬁ( @}ﬁ N |_H,
e oM ox) oy M oy )| K

Energy equation in local thermal equilibrium (LTE)
condition:

T oT or
et o +prpf U&"'Va =

Q(klg)"'ﬁ k, s —&Ppen HL
OX\ " ox/) oy oy

where the component u and v are the air velocity inside the
porous model along Cartesian coordinates x and y, respectively,
pris the air density, ¢ is the porosity of the fluid phase, p is the
relative pressure, uris the air dynamic viscosity, K, and K, are
the permeability components of the porous zone, ¢,r and krare
respectively the air specific heat and air thermal conductibility,
H; is the latent heat of fusion. In the energy equation, for LTE
assumption, 7' = Ts= Ty= Tpcy [18] and, moreover, the liquid

(pc)
(14)

op

ot

45

fraction S depends by the solid temperature 7" and the melting
of the PCM is described by the last term. The effective heat
transfer capacity is equal to:

T +pf Pf(pc)eﬂ :g('DCP)f

(PC)y o
+(1- 23)(/)0

(15)

p )cord

The components of the equivalent thermal conductivity ke
of porous medium are:
e Parallel for heat conduction in the longitudinal direction
(along x - axis):

+2(pC,) .0,

k, = &k, +ekpey +(1-2¢)k (16)

cord
e Serial for heat conduction in the transversal direction
(along y - axis):

k I(PCM k

cord

ngCM kcord + gkf kcord + (1_ 2‘9) I(PCM kf

K, = (17)

In irreversible process, like heat convection in a porous
medium, the fluid motion due to the viscous effect and heat
transfer under finite temperature gradients cause always an
entropy generation. Considering Bejan [9] and the analysis
proposed in [12] for PCM, the volumetric rate of entropy
generation for the present problem is:

S;EH‘AT
2
k1 aT +ﬁﬂ pPCM L ﬂ
oen T2 ox| T2 oy T,
S;en,AT,Pomus S;en‘zﬂ ,PCM (18)
Sqen.p
/Uf

where T, is the melting temperature, ﬂ is the time derivative
of the liquid fraction.
The S,

qen €Xpression contains two-terms, the first term on

the right-hand side is the contribution due to heat transfer

irreversibility, S, while the send terms the contribution

gen, AT >

made by fluid friction irreversibility, S., . In the first term

gen,4p
on the right-hand side, two different contributions are present:
one referred to the volumetric rate of entropy generation for
the porous medium in LTE [19] and another referred to PCM
entropy generation during the phase change material [12].

3. NUMERICAL PROCEDURE

Ansys-Fluent 15.0 is used as the computational software to
solve the governing equations. A grid dependence test is
carried out to choose the best grid that represents a good
compromise between the computational time and the solution
accuracy. The variation of temperature is monitored and the
chosen mesh has 308000 cells, because the relative error with
the finest grid was only 1.2%. A time step size equal to 0.5 s



is considered to execute the transient analysis. The SIMPLE
algorithm is employed for the pressure-velocity coupling, for
the pressure calculation the PRESTO algorithm is used, for
energy and momentum equation the second order upwind
scheme is adopted. To calculate equations (18) a user-defined
memory is implemented, in order to take into account, the
entropy generation. The inlet air temperature is 1473.15 K and
the initial temperature of the system is 1073.15 K.

4. RESULTS AND DISCUSSION

The results are presented in term of liquid fraction, average
temperature evolution and temperature profiles for different
CPLs. Moreover, the entropy generation is still evaluated
during the time for different CPLs. In Fig.3 is showed a
comparison between the direct model and the porous media
model in term of average temperature evolution during the
time for parallel plates system at CPL=2 and CPL=16 plotting
the PCM temperature and air Temperature of direct model and
the average temperature of the porous model.

It should be declared that for higher CPL the two models
(conjugate-heat-transfer approach and porous media approach)
are similar. In Fig. 4 are depicted the liquid fraction, stored
energy and temperature evolution for the porous media model
at different CPLs.

1500
1400
3
L 1300 +
=
©
g 1200
QE) /"7 - Talr
& £ e T
1100 B TPOI’OUS
=777 Tpem
1000 : : : .
0 2e+4 4e+4 6e+4 8e+4 1e+5
Time [s]
(@)
1500 T T . :
1400 r
3
£ 1300 |
=
©
g
£ 1200 .
'9 air
1100 """""" Tporous ]
[ - Tpcm
1000 ‘ ’ : : -
0 10000 20000 30000 40000 50000 60000
Time [s]
(b)

Figure 3. Comparison between the direct model and the
porous model in term of Volume-Average Temperature for
air, pcm and porous media during the time for different
CPL: CPL=2 (a) and CPL=4 (b)
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Figure 4. Volume-Average Liquid fraction (a), Average
Stored Energy (b) and Volume-Average Temperature (c)
as function of time for different CPLs for the porous media
model

It is possible to see that lower CPLs underestimate the
evolution of the liquid fraction while for higher CPL number
the liquid fraction evolution is the same behavior. The entropy
generation analysis is showed in fig.5 in term of thermal
entropy generation, friction entropy generation, total entropy
generation and Bejan Number.

There are many aspects to see: first of all, the thermal
entropy generation is predominant respect to the friction
entropy generation, in fact the Bejan number is always unitary;
moreover, when the domain is fully liquefied, there is a
slightly decrease of the Bejan Number because the systems
tends to reach a thermal equilibrium with at constant



temperature. Moreover, the thermal aspects of the system are
constant while the CPL influences only the dynamic aspect of
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the system, in fact the friction entropy generation is different
for various CPLs.
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Figure 5. Entropy generation analysis in term of thermal entropy generation (a), friction entropy generation (b), total
entropy generation (c) and Bejan Number(d) as function of time

5. CONCLUSIONS

A parallel plates channel system with PCM as thermal
energy storage was numerically studied. A comparison
between a conjugate-heat-transfer direct model and an
analogous porous medium model was accomplished for
different channels per unit of length (CPL). The local thermal
equilibrium assumption for the porous medium was employed.
The results showed that for low CPL values the two models
present some significant differences while for higher CPL
numbers these differences become very small. The entropy
generation analysis has showed that the thermal generation
analysis is predominant respect to the friction generation
analysis and when the thermal equilibrium is reached, there is
a slight increase of the friction entropy generation.
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NOMENCLATURE

¢ Cp

N R g Nt QRN

Specific heat, J kg' K!

Height of a single elementary channel, m
Latent heat of fusion, J kg™!

Thermal conductivity, W m™' K-!
Permeability, m?

Length of a parallel plate, m

Air Channel per unit of length (CPL)
Pressure, Pa

Peclet number of the channel

Thickness of a single elementary channel, m
volumetric rate of entropy generation, W m-
K-l

volumetric rate of entropy generation by fluid
friction, W m?> K!

volumetric rate of entropy generation by heat
transfer, W m= K'!

time, S

Temperature K

Air x-velocity component, m s™!

Unit of length, m

Air y-velocity component, m s™!

Volume, m?

Width of the system, m

Cartesian axis direction, m

Cartesian axis direction, m

Cartesian axis direction, m

Greek symbols

Qsf

B
AT

p
Ap
&

Ky

Subscripts

Area Surface density, m?

Liquid fraction

Melting range temperature, K
density, kg m™

Air Pressure drop, Pa

Porosity

Dynamic viscosity of the air, m? s™!

air

average

cordierite

dispersion

Darcy

effective

Porous fluid phase, air

PCM melting

Phase change material
packaging

Air Channel per unit of length (CPL)
Solid phase of the porous zone
Along x direction

Along y direction

Along z direction





