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Abstract: Thermal energy storage systems can be determinant for an effective use of solar energy,
as they allow to decouple the thermal energy production by the solar source from thermal loads,
and thus allowing solar energy to be exploited also during nighttime and cloudy periods. The current
study deals with the modelling and simulation of a cooling thermal energy storage unit consisting of
an aluminum container partially filled with a phase change material (PCM). Two unsteady models are
implemented and discussed, namely a conduction-based model and a conduction-convection-based
one. The equations systems relative to both the models are solved by means of the Comsol
Multiphysics finite element solver, and results are presented in terms of temporal variation of
temperature in different points inside the PCM, of the volume average liquid fraction, and of the
cooling energy stored and released through the aluminum container external surface during the
charge and discharge, respectively. Moreover, the numerical results obtained by the implementation
of the above different models are compared with experimental ones obtained with a climatic chamber.
The comparison between numerical and experimental results indicate that, for the considered cooling
energy storage unit, free convection plays a crucial role in the heat transfer inside the liquid PCM and
cannot be neglected.

Keywords: cooling energy storage; phase change material (PCM); numerical simulation;
experimental validation

1. Introduction

A properly designed thermal energy storage system can improve the exploitation and profitability
of many renewable and conventional energy sources. For instance, in solar thermal systems,
thermal storage can allow to overcome the mismatch between supply and demand. In conventional
natural gas-fueled cogeneration systems, thermal storage can be used to produce electricity when
it is more economically convenient, namely for self-consumption or when the selling price is high,
without wasting thermal energy, which is instead accumulated for a later use. As concerns the
storage materials, water is the most used, mainly because water has a high specific heat, is not
toxic, and has practically no cost. However, in the last years phase change materials (PCMs) used
as thermal energy storage materials have attracted great attention, essentially because, in general,
they are characterized by high thermal energy storage densities, and permit to store thermal energy in
a narrow temperature range.

Many works have addressed the use of PCMs for storing thermal energy from the solar source for
various applications, ranging from solar water heating to solar cooling by absorption or adsorption
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refrigeration systems [1-6]. Charvat et al. [7] analyzed the use of a paraffin-based PCM as thermal
energy storage material in a solar air-based thermal system. Kabeel at al. [8] investigated the effects of
the presence of a paraffin wax in the bottom plate of a solar still for water desalination. Allouhi et al. [9]
performed numerical simulations to characterize the melting and solidification processes of a PCM
integrated in a solar collector. Zhao et al. [10] developed a control strategy and implemented different
models to simulate different operation modes of a solar heating system, including a PCM-based storage
tank, over the entire heating season. Moreover, many applications of PCMs have considered cold
thermal energy storage [11]. Aljehani et al. [12] simulated a phase change composite consisting of a
paraffin wax and expanded graphite for cold thermal energy storage in air conditioning applications.
They also performed an experimental validation of numerical results. Bejarano et al. [13] modeled
and simulated a novel cold energy storage system based on PCMs. Cheng and Zhai [14] modeled
and simulated a cold thermal energy storage system consisting of a packed bed with multiple PCMs.
In this work, an experimental validation of numerical results is also reported.

Various models have been developed for the numerical simulation of PCM-based thermal
energy storage systems, most of which have been reported in reviews [15-17]. Farid et al. [18]
successfully applied the effective heat capacity (EHC) method for simulating 2D heat transfer with
phase change. Lacroix [19] developed a model to simulate a shell-and-tube thermal energy storage
unit with the PCM on the shell side. Ng et al. [20] employed the finite element method to simulate
the convection-dominated melting of a PCM in a cylindrical-horizontal annulus. Lamberg et al. [21]
implemented both the effective heat capacity method and the enthalpy method to simulate the melting
and solidification processes of a PCM. They also compared the numerical results, which were obtained
using the FEMLAB solver, with experimental ones. Esapuor et al. [22] implemented the enthalpy
method to perform 3D simulations of a PCM in multi-tube heat exchanger units. Allouche et al. [23]
developed and validated a computational fluid-dynamic (CFD) model for the numerical simulation of
a PCM slurry in a horizontal tank. Niyas et al. [24] developed a numerical tool to simulate a lab-scale
PCM-based shell-and-tube thermal energy storage system by employing the EHC method. Neumann
et al. [25] proposed and validated a simplified modelling approach for the numerical simulation of
PCM-based fin-and-tube heat exchangers. Li et al. [26] proposed a numerical model to simulate the
heat transfer inside an open-cell metallic foam filled PCM.

The current study focuses on the simulation of an aluminum container partially filled with a phase
change material. A conduction-based model and a conduction-convection-based one are implemented
for the purpose, and numerical results are compared with experimental ones obtained with a climatic
chamber. The main contribution of this manuscript is that it presents an experimental validation of
two different modelling approaches implemented to simulate the cooling energy charge and discharge
of a real PCM-based cooling energy storage unit.

The description of the experimental apparatus and experimental results are presented in Section 2.
The balance equations systems relative to both the models are detailed in Section 3. The numerical
results and the comparison with experimental ones are discussed in Section 4, and the main conclusions
are reported in Section 5.

2. Experimental Apparatus and Results

Figure 1 shows the aluminum cylindrical container used in the experimental test. Its height is
25.0 cm and internal radius is 6.9 cm. Furthermore, it is partially filled with 2.4 kg of a commercial
bio-based phase change material, whose characteristics are shown in Table 1.

Temperature measurements inside the phase change material are all done on the same horizontal
section, at a distance of 9 cm from the container bottom, by five T-type thermocouples of class 1.
One measuring point is located on the container axis, while the other four points are located at a
distance of 3.45 cm from the axis. These are arranged to form a cross as shown in Figure 1b. Temperature
data acquisition is done with a sample time of 1 s, by means the of the National Instruments NI 9213



Appl. Syst. Innov. 2018, 1, 34 30f11

module, using the NI cRIO 9066 controller. Figure 2 shows the climatic chamber used to realize the
experimental test.

(a) (b)

Figure 1. Pictures of the cylindrical aluminum container: (a) Liquid PCM at room temperature inside
the container; and (b) Thermocouples arrangement.

Table 1. Thermo-physical characteristics the PCM.

Property Value
Melting point (°C) 15
Latent heat (k] kgfl) 182
Thermal conductivity (W m~ 1K1

Solid 0.25

Liquid 0.15
Density (kg m~3)

Solid 950

Liquid 860
Specific heat (J kg~! K™1)

Solid 2250

Liquid 2560

Figure 2. Picture of the climatic chamber used for the experimental test.

The container is put in the climatic chamber on a 2-cm thick rigid sheet of polyurethane foam
for the thermal insulation of the container bottom side, with all the PCM in the liquid state, and at a
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uniform temperature equal to 23.8 °C (room temperature). Then, the following four steps are applied
sequentially:

1.  one-hour temperature ramp is applied to bring the internal temperature of the climatic chamber
to the cooling energy charge temperature Tc =7 °C;

2. the climatic chamber internal temperature is kept at Tc for 72 h;
3. one-hour temperature ramp is applied to bring the internal temperature of the climatic chamber
to the cooling energy discharge temperature Td = 23 °C;

4.  the temperature inside the climatic chamber is kept at Td until all the measured temperatures
inside the PCM are well above the phase change temperature (15 °C).

As it can be argued, the main contributions to the cooling energy charge and discharge are
represented by steps 2 and 4, respectively. Nonetheless, in the numerical simulation of the PCM
thermal behavior, steps 1 and 3 are also simulated.

Experimental Results

Figures 3 and 4 show the temporal profile of the temperature relative to the measuring point on the
container axis, which is indicated with T4, and the temporal profile of the average of the temperatures

relative to the mid-radius measuring points, which is indicated with Tyr goerage, during the cooling
energy charge and discharge, respectively.
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Figure 3. Temperature temporal profiles during PCM cooling energy charge (steps 1 and 2).
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Figure 4. Temperature temporal profiles during PCM cooling energy discharge (steps 3 and 4).

It can be noticed that, as expected, the charge phase is much slower than the discharge one. This is
due to the formation of solid PCM on the internal wall of the aluminum container during the cooling
energy charge, which acts as a thermal insulation layer for the heat transfer between the liquid PCM
and the external cooled air (internal environment of the climatic chamber). Conversely, during the
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discharge phase, the convective mechanisms inside the liquid PCM, which forms on the internal wall
of the container, accelerate the heat transfer towards the internal solid PCM. Moreover, Figure 3 shows
that the effective solidification temperature is slightly lower than 15 °C, namely the one given by the
PCM manufacturer reported in Table 1.

3. Simulation Models

The axial symmetry of the PCM container and of the boundary conditions permits to implement
2D axisymmetric models, and thus to obtain a relatively low computational cost of numerical
simulations. Therefore, two unsteady 2D axisymmetric numerical models are developed for simulating
the cooling energy charge and discharge of the phase change material: a conduction-based model and
a conduction—convection-based model.

3.1. Conduction-Based Model

This model is based on the following main assumptions: (i) the phase change material is
homogenous and isotropic; (ii) the thermo-physical properties of the phase change material are
considered to be constant and equal to the average values between the liquid and solid phases;
(iii) the volume expansion/reduction during phase change is ignored; (vi) phase change during
solidification/melting occurs in a temperature range; (v) negligible convective mechanisms. The energy
balance equation is given by:

aT
PrcMm C;,pCMg = kPCMVZT @

where T is the temperature, ¢ is the time variable, ppcys is the density of the PCM, and kpcy is the PCM
thermal conductivity.

The phase change is simulated by means of the effective heat capacity method (EHC). According to
EHC, the material effective heat capacity ¢’y pcwm is expressed as a function of the latent heat of fusion
of the PCM L;, as follows:

dg(T)

C;:,PCM = cppcm + L iT 2)

where ¢y, pcym is the average PCM specific heat, and ¢(T) is a non-dimensional parameter, which is 0
in the solid phase, 1 in the liquid phase and between 0 and 1 in the transition zone. The latter can be
expressed as:

0, T < (TM — ATM)
o(T) = —HF2M,  (Ty — ATy) < T < (T + ATwm) €)
1, T > (Tm + ATwm)

where Ty is the melting temperature, and AT), is half the temperature phase change range that goes
from (TM - ATM) to (TM + ATM)

3.2. Conduction-Convection-Based Model

In this case, two further assumptions are made as concerns the modelling of the liquid PCM flow,
namely that liquid PCM is Newtonian and the flow is laminar. The continuity, momentum and energy
balance equations are written as follows:

V.5=0 @)
Jo — = l 2= | T

PopPCcM ﬁ"’('{)V)U = —Vp—i-‘upCMV U+F (5)
T _ ,

PpCM Clp,pcM 5 PPCMEp,PCMT * VT = kpcmV-T (6)

where p is the pressure, y'pcy is the modified dynamic viscosity, and @ is the velocity vector.
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In Equation (5), F represents the Boussinesq approximation, which is added to the momentum
equation for including the buoyancy effects, and it is evaluated according to Equation (7):

Fy = ppcmgB(T — Tir) ()

where ¢ and B are the gravitational acceleration and the isobaric thermal expansion
coefficient, respectively.

The effective heat capacity ¢’ p,pcM is calculated as previously described in Section 3.1, while the
modified dynamic viscosity y’'pcy is evaluated according to Equation (8), in order to force zero velocity
in the solid PCM.

Hpem = Heem(1+ S(T)) ®)
where ppcy is the dynamic viscosity of liquid PCM. The variable S is given by:

S(T) = Cw 9)

In Equation (9), the constant §, typically fixed to 103, serves to prevent null denominator, while the
constant C affects the PCM flow into the phase transition zone, and it is usually between 10® and 10'°.
Table 2 reports the values of the parameters Ty, ATy and C used in this work. This combination
of values, which were chosen among different tested ones, is the one presenting the best match between
experimental and numerical results.

Table 2. Values of Ty, ATys and C employed in the numerical simulations.

Parameter Charge Discharge
Tym (°C) 12.5 15
ATy (°C) 1 5.5
C 1037 1038

3.3. Initial and Boundary Conditions

The simulations of cooling energy charge and discharge of the PCM are performed separately.
With reference to the experimental test described in Section 2, as regards the implementation of the
conduction-based model, the PCM initial temperature for the charge simulation is fixed equal to the
temperature measured at the start-up experimental test, while, for the discharge simulation, the PCM
initial temperature is fixed equal to the measured temperature at the start-up of step 3. The boundary
conditions are set according to the experimental test. In particular, the bottom and top surfaces of
the cylindrical computational domain relative to the PCM are considered to be adiabatic, while the
boundary condition relative to the lateral surface is set according to Equation (10):

q1 = hl(T —Teo )/ 7 = Tmax, 0 < 2 < Zmax (10)

where g is the heat flux relative to the lateral surface, /; is the heat transfer coefficient relative to the
lateral surface, T is equal to the air temperature inside the climatic chamber, and r and z are the radial
and axial coordinates, respectively. The convective heat transfer coefficient /; is fixed to 30.2 W/(m? K)
in the cooling energy charge, and to 29.1 W/(m? K) in the discharge. These values of ;; were calculated
by means of a correlation for cylinders subjected to transverse external forced flow [27], and were
obtained using a measured average air velocity inside the climatic chamber of 3.3 m/s.

The above conditions are also applied for the implementation of the conduction—convection-based
model. In this case, the initial velocity is set to zero in both charge and discharge, while a no-slip wall
boundary condition is applied to all the external surfaces of the computational domain delimiting the
phase change material.
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3.4. Numerical Solver

For both the implemented models, the governing equations are solved with the finite element
simulation software COMSOL Multiphysics 5.3a. The non-linearities are resolved through a segregated
approach. The backward differentiation formula is adopted for the time stepping, with the initial
time step fixed to 10~# s and no-fixed maximum time step. Since the PCM volume variations during
phase changes are not simulated for both the models, the the 2D computational domain, evaluated
by means of the PCM weight and average density, remains fixed. It consists of a rectangle with a
height of 17.73 cm and a width of 6.90 cm. Physics-controlled meshes are used, and for both developed
model grid independence of results is assured. The simulations are performed with a Dell Precision
T7610 workstation, equipped with two Intel Xeon E5-2687 w2 processors and a RAM of 64 GB and
1866-MHz clock.

4. Results

Figure 5 shows a comparison between the temporal variation of experimental temperatures
inside the PCM, relative to the measuring points indicated in Section 2, and the corresponding
numerical temperatures during the cooling energy charge. It can be seen that there is a good agreement
between the numerical temperatures relative to the conduction—convection-based model and the
experimental temperatures, while the temperature profiles resulting from the implementation of the
conduction-based model fail to match the experimental ones during the first and last parts of the
charging process. This is essentially because the conduction-based model does not permit to simulate
the mixing of liquid PCM inside the aluminum container in the initial part of the cooling energy charge.
Thus, the resulting temperature profiles present a slower decrease. Of course, this behavior at the
initial part of the charge influences the entire charge process simulated by the conduction-based model.
Indeed, in the last part of charge, the simulated temperature T4 .,,4 presents a sensible deviation from
the corresponding experimental temperature.

Figure 6 shows the comparison between the temporal variation of experimental and numerical
temperatures inside the PCM relative to the cooling energy discharge. It can be seen that, in the
initial part of discharge, the simulated temperatures relative to both the implemented models are
are in good agreement with the experimental ones. This is because conduction heat transfer is the
dominant heat transfer mechanism in the first part of discharge, when great part of the PCM is in the
solid state, and the melted PCM is limited in a narrow layer close to the container internal wall. Heat
transfer by free convection inside the PCM becomes higher as the melted layer thickness increases.
Indeed, Figure 6 shows that, in the last part of discharge, the temperature profiles relative to the
conduction-based model are very far from the experimental ones, differently from the ones relative to
the conduction-convection-based model which present a better behavior in the last part of discharge.

From the above, it can be stated that the conduction-based model is not suitable for the present
application. For this reason, only the main results obtained with conduction-convection-based model
are reported and discussed in the following.
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Figure 5. Temporal variation of experimental and numerical temperatures during cooling energy charge.
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Figure 6. Temporal variation of experimental and numerical temperatures during cooling energy discharge.

Figure 7a,b shows the temporal variation of the average liquid fraction of PCM volume during
cooling energy charge and discharge, respectively, obtained by the conduction—convection-based
model. Figure 7a clearly shows that the PCM solidification rate is relatively high in the first part of the
charge, before it slows down as the thickness of the solid layer at the container wall increases. Indeed,
from the beginning of step 1, PCM volume average liquid fraction reaches 0.5 after 23 hours, whereas
the complete solidification of PCM is reached after about 63 hours. Conversely, Figure 7b shows that,
during the cooling energy discharge, the melting rate is initially relatively low, before it becomes
higher as the melted fraction increases, or, in other words, as heat transfer by free convection inside
the PCM becomes higher. In Figure 7b, it can be noted that free convection becomes decisive from the
seventh hour, and also that the PCM is not completely melted at the end of the discharge simulation.
This last result is not in contrast with the experimental observations, since actually the PCM was not
completely melted at the end of the experimental test. However, the real liquid fraction at the end of
the experimental test was not measured, and probably it was higher than the simulated one obtained
with the conduction-convection-based model, since the model underestimates the temperatures at the
end of the discharge process, as it is be seen in Figure 6.
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Similar considerations as those made for Figure 7a,b can be made for Figure 8a,b, which report
the temporal variation of total cooling energy stored by the PCM during cooling energy charge and
released during discharge, respectively.

Finally, Table 3 reports the sensible and latent contributions of the total cooling energy stored and
discharged at the end of charge and discharge, respectively.
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Figure 7. Temporal variation of PCM volume average liquid fraction: (a) charge; (b) discharge.
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Figure 8. Temporal variation of total cooling energy stored/released: (a) charge; and (b) discharge.

Table 3. Sensible and latent contributions of total cooling energy stored and discharged.

Parameter Value

Cooling energy stored (k])

Sensible contribution 92
Latent contribution 436

Cooling energy released (k])

Sensible contribution 72
Latent contribution —344

5. Conclusions

In the present work, two different unsteady models are implemented in order to simulate
the cooling energy charge and discharge of a cooling thermal energy storage unit consisting of an
aluminum container partially filled with a phase change material: a conduction-based model and a
conduction-convection-based one. The numerical results obtained by the implementation of the above
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different models are compared with experimental ones obtained with a climatic chamber. The main
conclusions of the present work, argued by comparing the numerical and experimental results, are:

- The conduction-based model is not appropriate for the considered cooling energy storage
application since free convection plays a crucial role in the heat transfer inside the liquid PCM,
and thus cannot be neglected;

- The numerical results obtained by the implementation of the conduction-convection-based model
are in good accordance with experimental ones;

- The conduction—convection-based model underestimates the temperatures inside the PCM at the
end of the cooling energy discharge phase.
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