-

& AMSE 42

cieton fr the Advanasrient of Medellog
imulaticn Techniques in Extarprises

/d

A

International Information and

Engineering Technology Association

Numerical study of thermal behavior of different cavity section incorporates a phase change

material

Lahcene Bellahcene'*, Mohamed Teggar?, Sidi M.E.A. Bekkouche?, Zohir Younsi®*, Ali Cheknane®

! Laboratory of Mechanics, University of Laghouat, B.P. 37G, Laghouat 03000, Algeria
2 Unitéde Recherche Appliquée en Energies Renouvelables, URAER, Centre de Déseloppement des Energies Renouvelables,

CDER, 47133, Gharda's, Algeria

8 FUPL, Hautes Etudes d'Ingénieur (HEI), LGCgE, 13 Rue de Toul, F-59000 Lille, France
4 Univ. Artois, Laboratoire Génie Civil & gép-Environnement (LGCgE-EA 4515), Technoparc Futura, F-62400 Béhune,

France

5 Semiconductors and Functional Materials Laboratory, University of Laghouat B.P. 37G, Laghouat 03000, Algeria

Corresponding Author Email: belahcene.ste@gmail.com

https://doi.org/10.18280/mmc_c.790204 ABSTRACT

Received: 13 May 2018
Accepted: 20 June 2018

Keywords:
numerical simulation, three configurations,
unsteady state, PCM, heat transfer

In this work, and in order to improve the thermal execution in building equipment, a
numerical simulation of unsteady state heat transfer in three configurations of cavity
section is presented to study phase change process of PCM (Phase Change Materials).
These configurations are: square, cylindrical and elliptical cavities, which are tested for
different thickness. Hence, the present work out to determinate the effect of the
configuration and PCM thickness of the cavity section on the thermal behavior during the
melting/solidification process. Investigations are based the enthalpy method, using CFD

(computational fluid dynamics) code to track the melting/solidification process. The
comparison between the numerical results and the experimental data of literature shows a
good agreement. The results found that the elliptical cavity section with 10 mm thickness
of PCM improve significantly the performance the building equipment.

1. INTRODUCTION

There are many types of thermal energy storage systems,
latent heat thermal energy storage is the most attractive due to
its high thermal storage density within limited range or
constant temperature [1]. Among of these systems, the
building equipment which are need a height thermal
performance, especially in the hot zones. PCMs systems can
store 5 to 14 times more heat per unit volume compared to
sensible heat storage materials like rock or water [2]. Thermal
storage systems with phase change materials offer storage of
high thermal energy allowing to the designer to develop more
new systems with less heat losses and high efficiency.

Recently, phase change material (PCMs) applied in several
applications such in building; integration of phase change
material in the building walls can reduce the high energy
consumption due to heating and air conditioning systems.
Therefore, they can improve the energy efficiency. Several
studies have focused on characterization and classification of
phase change materials (PCMs), optimization and design
systems, latent heat thermal energy storage applications and
heat exchange improvement [3-8]. Integration of PCMs in
building envelope are destined to increase heat storage
capacity which enables the high energy storage capacity to
stabilize the interior temperatures of buildings and
consequently ameliorate the thermal comfort sensation for
indoor environment. The integrated PCMs in the building
envelope change state from solid to liquid which results in
reducing the wave fluctuation of building’s interior
temperature [9]. Current studies trend to sustainable buildings
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with development of new techniques of energy storage and of
renewable energy sources. Integration of PCMs into building
walls trend to make use of solar energy [10].

The Integration of the microencapsulated PCMs into
buildings envelop attracted the attention of many researcher’s
which is presents a new technology in the building systems.
An experimental and numerical work of Lachheb et al. [11]
showed that the thermal storage capacity of the
microencapsulated PCM in plaster wall is greatly enhanced.
Zalba et al. [12] reported the advantages of the enthalpy
method to treat the energy equation in relation with the PCM
melting and solidification. They are reviewed some
simulations and theories of heat transfer and phase change. In
using a simulation in typical environment condition for one
year, Pasupathy et al. [13] developed a model of incorporation
of a PCM in a roof. They analyzed the effect of the variation
of the environment condition on heat transfer coefficient along
the surface of the roof. Khillarkar et al. [14] proposed two
different configurations of tube geometries to study
numerically the melting process of a phase change material.
They found that the thermal stratification is obtained in the
upper section of the cavity. Vyshak and Jilani [15] numerically
studied the effect of different configurations rectangular,
cylindrical and shell and tube contains the identical volume
and surface area of heat exchange of latent heat thermal
storage (LHTS). Their results showed that the effect of
geometry is more important with an augment in the mass of
the PCM and the geometry of the cylindrical shell containers
which takes minimum time for equal quantity of energy
storage.
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In the present work, and in order to enhance the thermal
behavior in building equipment, a numerical analyse of
unsteady state heat transfer in three arrangements of cavity
section is presented to study phase change process of PCM
(Phase Change Materials). These arrangements are: square,
cylindrical and elliptical cavities, which are tested for different
thickness. Where, the present paper out to determinate the
effect of the arrangement and PCM thickness of the cavity
section on the thermal behavior during the
melting/solidification process.

2. MODEL VALIDATION

The proposed numerical model was verified by comparing
the results of simulation with the experimental results of
literature [11]. In this section, we considered the enthalpy
method to study the thermal problem of PCMs. The physical
problem and the boundary and initials conditions are given
below in fig.1. The initial temperature is supposed to be
uniform (To). The dimensions of the wall are I=2 cm and w=25
cm in X-direction and Y-direction respectively. Otherwise, the
wall is submit to variation temperature T(t)=0t+To on the two

vertical faces, the two horizontal faces are insulated (6T/0y)=0.

Thus, the problem can be simplified as unidirectional heat
transfer by conduction through the PCMs medium. The natural
convection in the PCMs medium is discarded because of low
dimensions of the wall.

The proposed mathematical model contains certain
assumptions that are important considerations that have
already been tested and do not have an influence on the
creation and use of this model. It is assumed as: the PCM wall
is homogeneous medium and isotropic, the heat transfer
process in the PCM wall is dominated by conduction, the heat
transfer is unidirectional and perpendicular to the PCM wall,
the melting/solidification process in the PCM is assumed to be
isothermal, the thermo-physical properties of PCM are
different on the solid and liquid phases.

Given these assumptions, the enthalpy formulation for the
conduction-controlled the phase change can be written as
follows [11]:

o _

=V -(kVT 1
po (kvT) )

where K is the thermal conductivity, T is the temperature, and
H(T) is the enthalpy.

As stated above, an alternative form Eqg. (1) can be obtained
by setting up the sensible and latent enthalpies explicitly [11]:
H=h+ pfL 2)
where (f) is the volume fraction of the liquid, p is the density,
and (L) is the latent heat. The sensible enthalpy of the PCM

can be given in terms of the temperature and the specific heat
by the following relationship [11]:

:
h= Lm pedT @3)

where Ty, is the melting temperature.
In the case of an isothermal phase change, the liquid phase
fraction (f) is defined as [11]:
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T > T,

4
T < T, @

1 if

f= .
{0 if
Note that-Eq. (1) can be handled via iteration steps to solve
the temperature evolution equation due to the non-linear
latent-heat source term existing in the energy equation (Eq.

(5)). So, the general enthalpy formulations, taking into account
both sensible and latent parts can be given by [11]:

a—h=V~(th)—pLi (5)
ot ot

The above equation (eqg. 5) along with initial and boundary
conditions and Eqs. (3)—(4) represents the mathematical model
governing heat conduction and isothermal phase change. It is
worth noting that such a formulation is suitable, since the
liquid fraction is regarded as a source term. Since the Eqg. (5)
is non-linear, it can only be solved numerically.

aT/2y=0

T,(=6t+T,
P
[[T]
o

T, ()=6t+T,

oT/ey=0
Figure 1. Boundary conditions of the PCMs wall

The solution of unsteady-state heat equation (5) to analyze
PCMs wall by using an implicit finite volume method, where
the CFD software is used to calculate the temperature and heat
flux in PCMs medium. To obtain converged solution, the wall
is devised in 100 nodes and the time step At=ls, the
thermophysical parameters are given in table 1.

Table 1. Thermophysical properties of materials [11]

Thermophysical properties
Thermal conductivity solid
Thermal conductivity liquid

Value (unit)
0.266 (Wm1K1)
0.236 (WmK1)

Heat capacity solid 915 (Jkg*K1)
Heat capacity liquid 725 (Jkg K1)
Latent heat 11265 (Jkg™)
density 1213 (kgm®)

These figures show a good agreement between the results
of simulation and experimental data. The comparison was
carried when the PCMs in the solid phase (To = 17 °C, Tend =



23 °C) storage of energy by sensible heat, thus when the PCMs
in the liquid phase (To = 30 °C, Tena = 38 °C) storage of energy
by latent heat. The choice of these values depended on the
melting point Tr,. The profiles of temperature and the heat flow
in the two phases were compared with the experimental data
obtained by [11]. It is significant to note that the heat flow to
t=0s (the initial state) is equal to Q = 0 (w/m?). Thus, we
impose a variation in temperature on two vertical faces by the
equation Tp(t)=6t+To which induces a thermal evolution of the
energy storage system to make a balance state more stable.
Confrontation between the results of this work and the results
of [11] are represented by the following curves which interpret
the profiles of temperature and the heat flow.

Figure (2) presents the variation of imposed temperature
and the heat flow bring to the composite materials (PCM +
plaster) during 4000 S. We can observe that the wall takes its
temperature of balance after a time of t=2750 S. However, the
choice of the values of temperature (To=17 °C, Teng=23 °C) is
imposed to study the thermal behavior of the composite
materials (PCM + plaster) following the storage of heat in the
solid state. Consequently, the wall stores a significant quantity
of heat in the solid phase; it is calculated by the equation (6).
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Figure 2. Variation in temperature and heat flux, solid
phase (17°C — 23°C)
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Figure 3. Variation in temperature and heat flux, liquid
phase (30 °C — 38 °C)

The variation in the temperature and the heat flow as
function of time shown in figure (3) are calculated at the
ambient temperature higher than the melting point (T,=30 °C,
Teng=38 °C). However, we can observe as the composite
materials (PCM + plaster) reached its temperature of balance
after a time of t=2500s. Generally, the variation in temperature
and evaluated heat flow numerically and the in experiments
are similar.

3. THERMAL CHARACTERISTICS OF MCP IN THE
SINUSOIDAL MODE

The figures (4) show the results obtained for three days of
the period studied by considering the conditions of
temperature of summer in French [11]. By analyzing the
variation in the temperature and heat flux as function of time,
we notice that the latter fluctuates between the maximum and
minimal values in way which approaches with the periodic
form.
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Figure 5. Analyzed Configurations; (a) square cavity section, (b) cylindrical cavity section
and (c) elliptical cavity section

In order to realize this research, a three configurations
presented in fig.5, a square cavity section with fixed internal
dimension (20x20 mm?), cylindrical cavity section with fixed
internal dimension (Din=20 mm) and elliptical cavity section
with fixed internal dimension (R1=10 mm, R,=5 mm). The
outer surface of the three configurations is exposed to
sinusoidal outdoor temperature variation. The focus of this
section is to evaluate the effect of the configuration of the
cavity section in variation temperature.

Taou =25 +7 sin(ot) )

where;  is the pulsation m=2mx/t , the time © =1440 min,

the initial conditions are T(x,0)=T=20 °C.
The boundary condition at the external surface describted
by:

a_T = hout(Ta

- ka ox _Tw,out)

(8)

where; hoy= 18.6 W.m2.K! presents the outside heat transfer
coefficient.
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4. RESULTS AND DISCUSSION

Figure (6-a) shows the effect of PCM thickness on the
variation of temperature in the square cavity section. We can
observe a variation of temperature between (e=1 mm and e=39
mm) is about 2°C, the maximum amortization time of the
temperature in this zone is around At=135mn and the
temperature stabilized near the melting temperature Tn=26 °C.
On the other hand, the increase of thickness of PCM has an
important influence on the PCM thermal energy storage. In
figure (6-b) it is possible to observe a gradient of temperature
in the zone between (e=1 mm and e=39 mm) is about 1.6°C
and the maximum amortization time is around At=194 mn.

In the same manner, figure (6-c) shows the evolution of
temperature as function of time with different thicknesses. In
this figure, we can observe a decrease near the melting
temperature in each cycle. The time increased with the depth
of PCM to allow the decrease the heat transfer inside the
cylindrical cavity section, the amortization time between the
external and internal surfaces is about At=362 mn. The
stratification of temperature in this configuration is remarkable
and the gradient of temperature is around 1.9 °C.

Figure (7-a) shows the calculated temperature in the centre
of the cavity for different thicknesses of PCM. While the
temperatures superior to Tn=26 °C presents the absorbed heat
flux during the melting phase but for temperature inferior to
Tm=26 °C presents the release of the stored energy. The



complete melting process of the square cavity section with
40mm of thickness is complete after t=500 mn, this time is
caused by the high thermal storage of PCM thickness.
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Figure 6. Evolution of temperature with different thicknesses

as function of time in: (a) square cavity section, (b)
cylindrical cavity section, (c) elliptical cavity section
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Figure 7. Temperature variation in the centre of the air cavity
with different PCM thickness in: (a) square cavity section,
(b) cylindrical cavity section, (c) elliptical cavity section

In the same manner, figure (7-b) presents the temperature at
the centre of the cylindrical section cavity; the present results
compared to external temperature shows a decrease of the air
cavity temperature fluctuations of around 2 °C on the case of



cylindrical cavity section. It is possible to identify the effect of
thermal energy storage on the air temperature, the
melting/solidification of the PCM is more important to
stabilize the temperature in the range of melting temperature.
Figure (7-c) shows, that the air temperature at the centre of
elliptical section cavity for 10mm of PCM thickness can
decrease the air temperature about 3 °C in heating period and
increase the air temperature about 2 °C.

5. CONCLUSION

In this paper, a comparative study is carried out to evaluate
the effect of the configuration of cavity section and the PCM
thickness of the containers. The melting/solidification of PCM
is more effective, because of its influence on the temperature
of cavity confined air, about 5 °C of difference was observed.
Therefore, the different configurations showed that the
elliptical cavity section with 10mm of PCM thickness can
maintain the air temperature in same values in the case of
square and cylindrical cavity section with 20mm of PCM
thickness. The results showed the potential of the
melting/solidification process of PCM in the air temperature
of the different configurations. Application of PCM containers
in the building sector can maintain the interior air temperature
in the range of melting temperature and decrease the energy
consumption.
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NOMENCLATURE

T temperature (K)

To initial temperature (K)

To temperature imposed on two faces (K)
Tm melting temperature (K)

t time (s)

Dint Internal diameter (mm)

e thickness (mm)

Co specific heat (J.kgt.K™?)

H total enthalpy (J.m)

f liquid fraction

L latent heat of fusion (J.kg™)

h specific enthalpy (J.m)

m mass (kg)

k thermal conductivity (W.m™1.K1)
Q total stored energy (J)

P density (kg.m)

a Thermal diffusivity (m2.s?)

0 heating/cooling rate (°C.min%)
I heat flux (W.m?)

T period (min)
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