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ABSTRACT

The solar heater is a system that generates hot water by converting solar energy to thermal energy. In these
last few years, various ways have been developed to gather this natural energy. However, they can not be able to store
the energy when the sun disappears. In this study, thermal system based on phase change materials that improves the
hot water production and stores thermal energy is proposed. In order to describe phase change materials and considers
the effects of inclination angle on the production and storing thermal energy a numerical study has been carried out
using the ANSYS-Fluent software. In addition, details concerning the choice of calculation range, mesh size, boundary
conditions and turbulence model have been provided. The numerical results have been compared with previous data
that was very promising.
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INTRODUCTION

The solar energy is renewable and green resource; this energy can produce electricity from photovoltaic panels
or heat from solar thermal collectors. As known, the production of domestic hot water in building consumes large
amount of energy. For this reason, the solar energy appears, as an ideal solution using the solar heaters [1,2], which are
systems that transform solar energy into thermal energy. These systems can produce a significant thermal energy that
can satisfy the daily needs [3]. However, the solar system is at times at a loss or ineffective when the sun dissipates in
the evening, when there are clouds or when the demand increases. For this reason, the solar heater needs an upgrade
at the stage of producing and storing thermal energy. Therefore, there are several ways to manage the thermal energy
among these methods, the production and storage of thermal energy by using phase change materials (PCMs) [4,5].
They are materials that can store solar energy as latent heat and become liquid by increasing the temperature. Later,
heat is liberated when they are solidified. These materials are economical, ecological and efficient materials that can
reduce energy consumption [6].

In order to upgrade the solar heater, various researches have been conducted. In this direction, Nayak and al.
[7] established an experimental study that aims to face the dissimilarity in demand by storing thermal energy in tanks,
still not enough to provide an effective backup. Besides, C. Wang [8] has carried out an experimental study that
integrates phase change materials in reservoirs to improve thermal energy storage [9]. Additionally, the study
conducted by Pagkalos and al. [10] supported the storage in integrated solar tank with PCM, which allows smaller tank
to be used compared to larger traditional tank without reducing stored energy, which implies an advantage when space
is taken into account. It has been confirmed that the development of thermal tanks plays a pivotal role in improving
the exploitation of solar energy and storing it. Moreover, the use of PCM can increase the stored energy in tanks or
benefits from smaller tanks where the space is considered. Therefore, diverse studies have been developed to expand
the capacities of PCMs by investigating on engineering, type, and enclosure. Recently, Elfeky [11] found that to
optimize thermal performance of the storage system, a multi-layered PCM is a necessary step for the best design and
distribution of temperature. Li [12] found that to increase the flexibility of heat collection and supply, air-source heat
pump should be used together with a thermal storage tank. When a PCM storage tank is used, the charging completion
time and the total energy use are optimized. As a result, there is indispensable from use PCM to improve energy
production and storage.

It can be concluded that is no escape from use PCM to step forward to enhance the storage and production of
thermal energy in solar systems. Moreover, the previous studies analysed one side or mechanisms of the thermal system
that utilize PCM in storage tank instead the PCM can be used in the collectors to increase collection of solar energy.
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So, in order to increase thermal production and enhance thermal energy storage, a new solar heater that integrates
phase change materials has been proposed. Moreover, a numerical study that describes the PCM behaviour in the solar
collector has been conducted taking into account the effects of inclination angle on the production and storing thermal
energy. Therefore, to verify the results accuracy, a numerical simulation using fluent ANSYS software was made.

METHODOLOGY
e Thermal solar system model
In this work, a numerical study aims to upgrade the solar system by integrating the phase change materials in
the solar heater and in the tank that allows optimizing the production and the storage of thermal energy. The proposed
solar system is based on the previous solar systems [13] that consist on solar heater and PCM tank as shown Figure 1:
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Figure 1. The proposed solar system based on PCM in solar collector and tank

The solar thermal systems provide a significant thermal energy from the sun that decrease the daily
consummation of hot water and contribute greatly on energy economic. The heater depends mainly on two basic
particles that we find in most devices of this type. It has been updated in this study by incorporating the PCM in the
complex to improve and raise productivity and integrating the PCM in the tank to increase the storage capacity and the
lack of storage space [5,14,15]. The proposed solar system (Figure 1) has:

v' The solar heater is a mechanism that can collect solar energy, which is converted into thermal energy that
utilizes to heat a fluid, water or air. There are several types of solar heater, but in this study, the proposed solar
heater has been chosen as a flat plate panel that has two main functions. The first one is the capture of thermal
energy that comes from the sun; the second one is the storage of thermal energy using PCM that can speed up
the next heating cycle.

v' The PCM tank [15,16] is an indispensable component that designed for the management of thermal energy
in solar systems. Besides, the use of PCM of storing the heat and release it when needed or in the absence of
the sun can improve the energy management.

The proposed solar system is designed to complete the previous solar systems, this upgrade is necessary to
enhance solar heater by integrating PCM to improve thermal energy production and storage.

e Physical model
The PCM system in the solar system receives the heat from the sun by radiation and receive the heat from the

solar heater by conduction and convection [17,18]. Indeed, the thermal energy collected is improved by taking into
account the different heat transfers. It is supposed that the PCM system is homogeneous, isotropic, thermo-physical
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characteristics are constant, volume variation is negligible [19]. In that sense, we consider the system described in
Figure 2.

Conduction - e
+radiation ‘ X

Figure 2. Diagram of simplified plates PCMs

The system in Figure 2 described the thermal energy storage in the PCM layers having thickness E, by the
circulation of hot water [6]. Conversely, the circulation of cold water makes the destocking of thermal energy.

Table 1. Thermal properties of PCM

T(x,0)=To PCM (RT64HC)
Volume Mass
(Kg/m’) ~820
Thermal Capacity 1.9 (solid)
(KJ/Kg.°C) 2 (liquid)
Thermal Conductivity 0.2 (solid)
(W/m.°C) 0.2 (liquid)
Fusion temperature 64
°C)
Latent heat 230
(KJ/Kg)

The PCM unit is rectangular plate [20] that is filled by paraffin with length L = 25 ¢cm and thickness E=6 cm,
(Figure 3).
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Figure 3. PCM proposed model design
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NUMERICAL MODEL
e Governing equations

In this study, the PCM was incorporated into the heating system in order to capture the largest amount of
thermal energy, which will contribute to speeding up production and maintaining a large amount of thermal energy.
Therefore, the solar system adopts the behaviour of the PCM, which can be explained by the governing equations.
These equations describe the behaviour of The materials during the capture of energy and their explanation for storage
during the change in the phase during fusion, the sum of the governing equations is three, which are the mass
conservation equation, the momentum conservation equation and the energy conservation equation [21].

Under the assumption of laminar and incompressible flow, appealing the Boussinesq approximation in
modelling the buoyancy force, the governing equations can be written as follows:

Mass conservation equation:

V.V = (1)
aVx  OVy
o Ty = 0 ()

(Vx,Vy) velocity components in x and y directions respectively.

Momentum conservation equation:
Projection on x:

— 2
) — pgB(T —Ty)sind + E;ﬁF—ll) CmVx (3)

ox

aVx aVx oVx ap 9%vx . 0%Vx
|y ey 00y 0 (
(6t t 0x +Vy oy dx? ay?2

Projectionon y :

vy ovy avy\ _ _dp o’vy | *vy\ _ (1-Fp?
p (? tVx—=+ VYE) =3 +u ( o T 3y ) pgB (T — Ty)cosO + G CmVy 4)

With: P the pressure, p the density, © angle of inclination , B coefficient of thermal expansion, p dynamic
viscosity, g acceleration of gravity, F; liquid fraction, T: temperature , T, reference temperature .

Energy conservation equation:

2 2
d(ph) +Vx a(ph) +Vy alph) _ K(B_T 0 T) 5)

at ox dy ax2 | ayz
With h: specific enthalpy and K: thermal conductivity.
With (Cm) the pasty zone that measures the velocity loss during phase transition. The zone speed is higher

during fusion and it is lower during solidification.
The total enthalpy h can be described as the sum of sensible heat Sj, and latent heat L, that can be expressed:

h:Sh+Lh:prdT+LFl (6)

With L : latent heat absorbed locally.
G, . specific heat .
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0 (T < Ty)
T-Tg
F, = (Ta <T < Tyy) @
1 (T> Ty)
The eq. (5), using eq. (6) and eq. (7), rewrite as follows:
a[(p [ cpdT)+LF] a[(p [ cpdT)+LF,] a[(p [ cpdT)+LF] 9%T | 9%T
at +Vx dx +Vy ay =K (6x2 t ayZ) ®)
v ) = K (P74 TN L (PPt yg 2Py O
pcp(6t+Vx6x+Vy6y)_K(ax2+6y2) pL(at +Vx ax+Vy 6y) ©)

e Boundary & initial conditions
The boundary conditions and the gravity direction used for numerical simulation are depicted. At the top and
the bottom surfaces, an adiabatic wall is defined. To avoid heat exchange between PCM and air, the interface domain
is considered as a wall [22]. The adiabatic boundary condition stopped heating dissipation that is coming from the fluid
heat transfer during the charging process. It is assumed that the top surface of the PCM plate receives hot temperature
when the bottom one receives cold temperature. The boundary conditions are indicated in Figure 4 [23].

#
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=
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v

Figure 4. Indication of applied boundary conditions.

Table 2. Initial and boundary conditions

T(x,0)=T0 Initial condition at t=0
JdT(E,t) —0 Boundary condition at x=E
ox (the adiabatic boundary)
T(q(t),t) =Tf Boundary condition at x=q(t)
(melting front)
" aT(0,t) _ Boundary condition at x=0

dx W (the boundary wich is subject
to constant heat flux w)
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RESULTS AND DISCUSSION

In this work, the PCM was incorporated into the solar system that increase the amount of the captured heat.
Consequently, the PCM optimize significantly thermal energy production and storage. Moreover, taking into account
the optimal inclination angle allows the collector to collect more thermal energy.

Therefore, the PCM behaviour depends basically on the solar system that can influence the phase change,
which can be explained by the governing equations. In this direction, a numerical study based on finite volume method
using ANSYS FLUENT software has been conducted. Then, the accuracy of the study is verified by comparing
numerical results with literature that show an excellent performance and good accordance [7,24] . Besides, the phase
change material used for the numerical study is the paraffin that had a very high latent heat, obtainable and available
on the market.

Assuming that x = 0 at the outer wall of the plate, the plate is initially at the Ti= 57 °C, the fluid temperature
of'the heat transfer T,, = 69 °C. The phase change temperature of the paraffin Tr= 64 °C, the heat exchange coefficient
[25]: h=220 W/m? °C [26].

70

- = - Temperature
68 ’

66 }

64 i e R e -

62 f

Temperature (°C)
»

60 )

Ct: B

5 0 i 7 3 i 5
Time (h)

Figure 5. Evolution of the temperature of three points of the PCM

Figure 5 shows the evolution temperature as a function of time. The PCM is completely solid at 57 ° C, then
the melting begins after having absorbed all sensible heat between 57 ° C and 64 ° C, next the material becomes
completely liquid after 64 °C. Consequently, the paraffin melting process can be divided into three periods: The first
is the time needed for the PCM to reach the melting temperature, the second is the time needed for the PCM to change
phase and the third period is the time required for the PCM to reach the equilibrium temperature with the heat transfer
fluid.

The obtained results show that PCMs absorb large amounts of heat, then the temperature increase till they
reach the temperature of change phase (melting temperature), however, the PCM keeps absorbing heat until all material
is converted to liquid phase. As a result, the simulation can describe the PCM behaviour [27]. Consequently, the
enthalpy changes as a function of time, the system absorbed or released energy until the steady state is achieved, as
shown in Figure 6.
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Figure 6. The evolution of enthalpy h as a function of temperature

Figure 6 shows the enthalpy evolution H as a function of temperature. Hence, the slope of the enthalpy curves
is very similar to those in the literature data (curve ideal). In the heating test, the enthalpy and the temperature are
properly measured. The total enthalpy changes between 57 ° C and 69 ° C is 300 J/kg. In addition, the curve is
decomposed into three parts during the heating test: Initially, the PCM stocks energy using sensible heat, then, the
PCM change phase that the enthalpy increases quickly and the all the PCMs have the same temperature when the phase
is changing. Then, the PCM stocks a large amount of heat using latent heat, in this case the PCM is completely liquid.

The amounts of energy using latent heat transfer involved in the phase change process are much larger than
those involved in the sensible heat transfer. Now it is possible to reduce the storage volume and increase the energy
stocked in the same storage volume.
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Figure 7. Evolution of the solid-liquid interface of the collector

In Figure 7, it is noticed that the fusion change as a function of time [26], when the temperature increases the
fusion [28] also increases. Finally, it is deduced that the numerical and the experimental solutions of fusion
displacement are in good agreement.
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The proposed geometry is a rectangular PCM plate. That has a height H and a thickness E. The simulation
process depends on the mesh that an integral part which is influenced on the accuracy, convergence and speed of the
simulation. Thus, the generated mesh is structured type that systematically meshed using symmetric squares which
allows studying the PCM system during the melting-solidification process as shown in Figure 8:

Mash (Troee0 C200e+00) Moy 26, 2010
ANSYE Flgend 16.0 (2d, dp, pbra, lam. iranteent)

Figure 8. Geometry and mesh

The numerical study is conducted in ANSYS FLUENT software, that allows specifying various parameters
associated with the solution method to be used in the calculation. The pressure-velocity coupling mode based on the
SIMPLEC method. Besides, the pressure equation based on PRESTO method. The rest of the parameters are all
defaults [29]. The convergence of study supervised by testing the numerically solved governing equations is reduced
to less than 108 the number of iterations per time step is set to 100 and the time step is set at 1 s. The simulation was
performed on a 2 GHz Intel Core i5 processor with 4 GB of RAM.
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Figure 9. Convergence curve
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Figure 10. Temporal evolution of the PCM melting in the collector (from top to bottom) (30, 60, 90, 120, 150 and
240 min)

In the morning, the solar heater is cold as the PCM, then the sun face the solar heater and the system
temperature increase. The PCM acquired the heat directly from the sun by radiation and indirectly from the solar heater
by conduction. As the time passed to 10 minutes the PCM absorbed more heat is then used to phase change from solid
state to a liquid state consequently the PCM begins the fusion procedure. Then, the fusion process is increased gradually
due to the appearance of the natural convection in the liquid part of the PCM system. As a result, the conduction and
the natural convection heat transfer are connected synchronously in the system. As the time passed to 90 minutes the
fusion process increases significantly due to the raise of the natural convection that the half of the PCM is liquefied.
The temperature of the system in the steady state condition when all of the PCMs are liquefied and heated to the inlet
temperature. Comparing simulation results are in good concordance with the experiment results considering the aspect
of total melting time and detail melting fractions [30].

It could be concluded that the numerical method valid results for the description of PCM phase change.
Obviously, employing PCMs in domestic hot water system allows improving the production of solar system compared
to a system without PCM [31]. In that way, a comparison of the heat stored by three systems (without PCM, tank with
PCM, both tank and collector with PCM) is done as shown in Figure 10:

The simulation result shown in Figure 11 reveals the advantages of the PCM existence in the proposed system.
This is the reason why the system had a large amount of energy stored in the water tank and in the collector which can
give stable heat compared with other systems, it is even more productive than a system without PCM or even better
than a system with PCM in the tank [27]. In addition, the PCM can improve system performance and reduce power
consumption, longer comparable to the system without PCM.
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Figure 11. A comparison of the measured temperature difference of solar system with and without using PCM

To have a global understanding about the entire thermal process, it is proposed to analyse the tank, the amount
of energy stored and the storage time. Therefore, a numerical study that compared the proposed system with PCM and

the system without PCM [32], and described the heating and cooling process after 1000 W of thermal storage [33], as
shown in Figure 12:
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Figure 12. Storage of thermal energy dependence with time and temperature

It can be seen from Figure 12 that, the temperature of the solar system without PCM increases rapidly than
the system with PCM, however, the stored energy in the proposed system is stable and more than the system without
PCM just in tank and even more than the system without PCM. In this respect, the time needed for the discharge of
the thermal energy stored is 1.74 h, 3.63 h and 4.55 h for the case without PCM, with PCM in the tank and with PCM
in the tank and the collector, respectively [27].
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The proposed system is able to store energy in the collector and in the tank, that the reason why the system
without PCM realize the energy faster than the proposed system.

Therefore, the overall operation of the heating system can accelerate the heating, if the tank is exhausted, the
collector heats the water quickly using the stocked energy in the PCM and using the energy comes from the sun.

In addition, the performance of the solar collector can be improved if the inclination angle effect is improved.
For this reason, the inclination angle © varies from 0° to 90° then the liquid fraction evolution as a function of time
[34] as shown in Figure 13 below:
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Figure 13. Evolution of the liquid fraction as a function of time for different values of ©

Figure 13 shows that the inclination of the PCM plate influences on the liquid fraction, when the inclination
angle greater than 45°, the fraction liquid becomes large, contrary to the inclination less than 45 ©, it remains negligible.

The numerical results are significantly closer to the experimental solution during the process of paraffin
loading and unloading. Therefore, a good agreement between proposed study results and experiment is obtained.

CONCLUSION

In this paper, a new design of the solar system has been proposed that incorporated the PCM into the heating
system in order to capture the largest amount of thermal energy, which will contribute to accelerate production and
maintaining a large amount of thermal energy. In this work, the PCM integrate into solar collector that have already
two roles, from one side the system capture the heat from the sun by radiation and capture the heat from the solar
heater by conduction. From the other side the system saves the acquired energy by phase change to accelerate heating.

The selected geometry is a rectangular plate that was modelled by the enthalpic method considering the
boundary conditions of the proposed system and the obtained results are compared with the results in the literature.
The obtained curves as a function of time are promising because they take a reasonable period for melting and the
energy storage and therefore the next fusion-solidification cycles will be faster because the entourage temperature will
be already increased. Therefore, the energy transfer will be faster. Hence, a simulation using ANSYS software has been
conducted that adapted the PCM system to the solar system, which shows a good concordance with literature. To
increase the effectiveness of this system, the angle of inclination is taken into account because the most the cavity is
tilted, the more the melting accelerates and the melting rate increases. This system allows storing important quantities
of energy in a short time compared to the other previous proposed systems with short periods.
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