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Abstract

This work presents a numerical investigation on latent heat thermal energy storage (LHTES) systems during the phase change
process. The numerical analysis, based on the apparent heat capacity formulation, was carried out through a two-dimensional
axisymmetric numerical model developed by means of the COMSOL Multiphysics software. A thermal energy storage system
based on the configuration of a double tube heat exchanger with finned surfaces was used as an experimental test case and the
commercial paraffin RT35 was selected as phase change material (PCM). The influence of the heat transfer by convection, in
particular the influence of the term describing the mushy zone in the momentum equation, was investigated during the whole
charge and discharge processes. Three different values of the constant A,,,,sp,, equals to 10%, 10° and 10°® were selected as well as
two different values of the HTF volumetric flow rate were adopted in order to reproduce both laminar and turbulent flow
regimes. The results are reported in terms of temperature, melting fraction and phases evolution during the whole melting and
solidification processes, and compared to previous experimental tests carried out in the laboratories of the University of Lleida,
Spain. A good agreement with the experimental results was obtained showing that the mushy zone constant has a significant
influence on the interface shape and motion. The results show that large values of A,,,sn, determine an increase of the mushy
region reducing the natural convection effects during the charge phase. Thus, the proper evaluation of the mushy zone constant
allows providing a deeper understanding of the phase change behaviour, resulting in an important parameter for accurate
modelling of LHTES systems.
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1. Introduction

Thermal energy storage (TES) systems are an effective solution to improve energy efficiency and to compensate
fluctuations and intermittence that affects renewable energy and other non-programmable energy sources. For low
temperature applications, the most common TES systems are of sensible heat type and water is the most widely used
material due to its availability, low cost, safety and transport ability. Nowadays, latent heat thermal energy storage
systems (LHTES) using phase change materials (PCM) is an attractive option in such applications due to their
higher energy storage density compared to the sensible heat storage and the nearly isothermal behaviour during the
phase change process which allow lower temperature swing [1].The development of a LHTES system involves the
understanding of the phase change phenomena, the evaluation of heat transfer mechanisms in the PCM during solid-
to-liquid phase transition and the design of the devices used for containing the PCM. Concerning the analysis of heat
transfer problems in phase change process, several methodologies have been developed and used for modelling
LHTES since the heat transfer mechanisms can influence the accuracy of the thermal performance prediction. From
literature on LHTES systems, several researches [2—6] investigate the role of natural convection that occurs in the
phase transition of a PCM during thermal energy storage evaluating the influence and the effects on the phase
change process. In fact, when the PCM inside the TES system is changing phase from solid to liquid, natural
convection is produced due to density difference within the fluid and buoyancy forces. This difference would result
from temperature and/or concentration gradients in the liquid phase. Liquid motion in the PCM melted region is a
much more complicated problem that requires the simultaneous solution of the continuity, momentum and energy
equations. The correct evaluation of the phenomena within the mushy zone has been the subject of numerous
discussions in recent literature. Shokouhmand et al. [7] carried out an experimental investigation on melting heat
transfer characteristics of lauric acid, Shmueli and Ziskind [8] studied the melting process of a PCM in a vertical
circular tube focusing on the mushy zone, Groulx et al. [9] analyzed the effect of the mushy zone constant on the
overall simulation results of a melting PCM body using a simple rectangular geometry. More recently, Kumar and
Krishna [10] studied the influence of the mushy zone constant on the melting characteristics of gallium in a
rectangular cavity.

In this work, a two dimensional axysimmetric numerical model of a small-scale LHTES system based on double
tube heat exchanger configuration with fins was implemented in the COMSOL Multiphysics platform considering
the influence of the mushy zone constant 4,,,s;, on different characteristic parameters such as temperature, melting
fraction, and shape and motion of the phase transition front. The mushy zone is the region where the liquid fraction
lies between 0 and 1, i.e. in which a mixture of both solid and molten material co-exist. This region is treated as a
porous medium in which the porosity decreases from 1 (liquid PCM) to 0 (solid PCM), resulting in the drop of
velocities to zero, and it is modelled by the Carman-Kozeny equation. However, its exact evaluation is still the
subject of discussion since recent literature asserts that this parameter has values ranging from 10* to nearly 10" [9]
depending on morphology or material used. This analysis presents a comparison between experimental and
simulation results obtained by adopting three different values of the constant A4,,,,, equals to 10%, 10° and 10®. Two
different experimental tests were reported considering two HTF volumetric flow rate values in order to reproduce
both laminar and turbulent flow regimes.

Nomenclature Greek symbols

Apusn  Mushy zone constant [kg/s] a Mass fraction

Gy Specific heat capacity [J/kg-K] B Thermal expansion coefficient [1/K]
F Force [N] AT, Phase change temperature range [K]
g Gravity [m/s’] € Numerical constant

k Thermal conductivity [W/m-K] 6 Fraction of phase before transition
L¢ Latent heat of fusion [J/kg] u Dynamic viscosity [Pa-s]

P Pressure [Pa] p Density [kg/m3 ]

t Time [s] Abbreviations

T Temperature [K] HTF  Heat Transfer Fluid

T PCM phase change temperature [K] LHTES Latent Heat Thermal Energy Storage
u Velocity [m/s] PCM  Phase Change Material
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2. Material and method

2.1. Experimental set-up and phase change material selection

Experimental tests were carried out in the laboratories of the University of Lleida (Spain), on a small scale heat
exchanger used as a TES system [12]. Fig. 1(a) shows a schematic of the experimental set-up. The set-up consists of
a thermostatic bath HUBER K25 that controls the water (HTF) inlet temperature, a water pump WILO and a series
of valves to control water flow rate, a digital flow meter Badger Metter Prime Advanced (range of 0.85—17 /min,
accuracy of 0.25% for velocities below 5 m/s and 1.25% for higher values), and a system for temperature
measurements based on Pt100 DIN-B probes. Both temperature and flow rate readings are collected in a computer
via data acquisition system STEP DLO1-CPU. Working conditions were chosen to achieve temperature gradients of
25 °C and 15 °C between HTF inlet and PCM transition temperature during charge and discharge respectively.
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Fig. 1. (a) Scheme of experimental set-up, (b) double tube heat exchanger with fins, (c) geometric configuration of
the TES system implemented in COMSOL Multiphysics, (d) adopted mesh.

Table 2. Geometrical characteristics of the storage
system and properties of Rubitherm RT35 [2,12]

Units Value
Table 1. Summary of charge and discharge Ext'ernal diameter of HTF tube mm 12
experiments carried out. Height mm 280
Experiment 1 Experiment 2 EhiCknelSZ.Of H;FF tltl‘li)eCM b mm 625
Ch Disch Ch Disch xternal diameter o ube mm
Volumetric arge LISChatee arge ischarge Thickness of PCM tube mm 6
Number of fins - 13
?g)};}/hr)ate 0.03 0.4 04 0.4 Diameter fins / Thickness fins mm 52/1.5
Revnolds Heat transfer area m’ 0.065
Nu}r/nber 1600 22000 22000 22000 PCM mass kg 0.5
temperature 60 20 60 20 Density (kg/m’) 880 760
(°C) Specific heat capacity (J/kg-K) 1800 2400
Thermal conductivity (W/m-K) 0.2 0.2
Phase change temperature 35°C
Range of transition temperature 3°C
Latent heat 157 kJ/kg

Commercial paraffin RT35 from Rubitherm® Technologies GmbH was selected and used as PCM filling the annulus
of the heat exchanger, and water circulated through the inner tube as heat transfer fluid. Two experiments were
carried out considering two values of the HTF volumetric flow rate in order to reproduce both laminar and turbulent
flow regimes. In particular, the discharge phase was characterized by turbulent regime for both experiments, while
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the charge phase was characterized by laminar and turbulent regimes for Experiment 1 and 2, respectively. In all
cases, the HTF enters from the upper side of the TES system. The specific conditions used in the experiments are
presented in Table 1. To improve the significance of the experimental result obtained, three different repetitions of
the test, using the same initial conditions, were carried out. Subsequently, the analysis on the averaging effect of
replication was performed in order to obtain a more accurate estimate of the mean effect and to improve the
reliability of the results. Finally, the whole data set of the test closest to the average value was selected as the
replication which reflect its experimental worth. The TES system is based on the configuration of double pipe heat
exchanger with 13 radial copper fins. Fig. 1(b) shows a picture of the TES system and Fig. 1(c) of the geometric
configuration implemented in COMSOL Multiphysics. The inner tube is copper while the outer is made of
transparent material (methacrylate) that allows a direct view of the phase transition process. The geometrical
characteristics of the TES system and the main physical properties of RT35 [13,14] are reported in Table 2. The
potential applications in the operative temperature range (35-40 °C) of this type of TES systems are related to small-
size systems, such as, telecommunication devices and home appliances.

2.2. Mathematical model of the PCM-TES

A 2D axisymmetric numerical model was implemented in COMSOL Multiphysics to simulate the transient
behaviour of the entire PCM-TES system during the phase change processes [9,15—17] using the equations reported
in Table 3. The mathematical model is based on the following assumptions: the HTF velocity profile is fully
developed and does not change within a section; uniform temperature at inlet boundary; empirical functions are
adopted for describing viscous losses and PCM is bounded by adiabatic external wall. The transition process was
modeled using the energy equation, Eq. (1), in accordance with the apparent heat capacity formulation expressed by
Eq. (3). The latent heat Ly was introduced as an additional term in the Eq. (3) assuming that the phase change takes
place between (T,,, — ATy, /2) and (T, + AT,,/2). In this temperature range the material phase is modelled by a
smoothed function 6, representing the fraction of phase before transition. The value of this function is equal to 1 for
temperatures lower than (T, — AT,,/2) and to O for temperatures higher than (T, + AT, /2). For this work, the
temperature range of phase transition AT, was considered constant and equal to 3 °C. The mass fraction a (Eq. 3) is
equal to —1/2 before transition and 1/2 after transition and it is defined by Eq. (4). The equivalent heat
conductivity and density of the PCM were obtained by Egs. (5) and (6).

Table 3. Equations used in the model to simulate the entire PCM-TES system during the phase change processes.

aT
pCpE +pCpu-VT = V- (kVT) (1) P =0pphaser + (1 — 0)ppnasez 6)
dpu ;
ar +pu-VYu—V-[pu(Vu+ (Vu)")]+ VP =F, +F, @) F,=gpBT —Ty) ™
1
Cp = ; [epphuse1cp,phase1 + (1 - e)pphasech,phasez]
L0 () F=-A)-u (8)
ry
1 (1 - e)pphasez - apphasel (1 _ 0)2
"2 4 - a-0r 9
¢ 2 P ( ) A(T) Amush (03 +6) ( )
k = 0kypgser + (1 — G)kphasez (5) w() = ﬂl(l + A(T)) (10)

In order to predict the behaviour of the PCM in liquid phase, the continuity and momentum equations, Eq. (1)
and Eq. (2), were used. Two different volume forces Fj, and F,were introduced in Eq. (2). The first one takes into
account the buoyancy force giving rise to natural convection (Boussinesq approximation) according to Eq. (7). The
second volume force F, (Eq. 8) was introduced as a source term in the momentum conservation equation using the
Carman-Kozeny equation (Eq. 9) in order to force the Navier-Stokes equation to calculate the velocity in both the
liquid and solid PCM domain since the entire PCM was treated as a liquid, even when its temperature was lower
than the melting one. Thus, the term F, induces a gradual increase in velocity from zero in the solid PCM, when the
function A(T) assumes very large values, to a finite value in the liquid PCM calculated by Eq. (2), when the



Simone Arena et al. / Energy Procedia 126 (201709) 517-524 521

function A(T) approaches to zero. In Eq. (9) the constant € is assumed equal to 10~ to avoid a division by zero when
6 = 0 in the solid region. The value of A,y is assumed equal to 10%, 10® and 10® in order to understand the effect
of this parameter on the simulated transition process of the selected PCM. Furthermore, a modified viscosity (Eq.
10) was used. In Eq. (10), u(T) assumes the value of the viscosity of the liquid PCM when T > (T, + AT,,,/2)
while it assumes an extremely large value, depending on the A,,,sp value, when T < (T,,, — AT, /2), forcing the
PCM (considered constant in liquid state) to behave as a solid [17]. A very fine mesh composed of a free triangular
mesh geometry was selected using 255687 elements and 7824 boundary elements (Fig. 1d) with average element
quality 0f 0.9179, in order to achieve a mesh-independent result.

3. Results and discussion

The results obtained for the Experiment 1 during charge and discharge process were analyzed by varying the
constant A, according to the three mentioned values. Concerning Experiment 2, only the A,,,,,s, value of 10° was
considered during the charge process, while a complete analysis was carried out during the discharge phase since the
same HTF volumetric flow rate was adopted in both experiments. Fig. 2 reports the PCM temperature profiles for
the charge (a) and discharge (b) processes. The duration of the charge process for the two experiments was imposed
equal to 1600 and 900 seconds, respectively, while the discharge process starts from an initial condition in which the
PCM is completely in liquid phase and ends at imposed time equal to 2100 seconds for both the experiments, to
validate the current available data [11]. The discharge phase starts considering as initial condition the complete
PCM melting within the TES. The temperature measurement was taken in a centered position in the PCM domain,
between the fin and the outer wall in the radial direction and half way between inlet and outlet in the axial direction.
At first, it can be noticed that the model has a good agreement with the experimental results. Fig. 2(a) shows that the
temperature profiles present the same trend by varying the A,,,sn value. At the selected measuring point, the
reported curves, especially during charge, suddenly undergo the phase transition when the temperature reaches the
value of T,, — AT,,/2. This trend also depends on the temperature difference between PCM during transition and
HTF at the inlet device, approximately 25 °C during charge and 15 °C during discharge.
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Fig. 2. PCM temperature profile for charge (a) and discharge (b) processes.

In the magnifier, a small difference was detected at the end of the charge phase for the case of Ayyq, = 10%,
which presents a slightly higher temperature (about 1°C) with respect to the other two cases considered. Physically,
larger values of A, s, increase the mushy-zone area reducing the effect of the natural convection and effectively
decreasing the overall heat transfer rate through this region. Therefore, a larger temperature difference should be
observed between the three cases considered as a result of such a large variation of the mushy zone constant A,
from 10* to 10%. This could be explained since the presence of finned surfaces enhances the internal heat transfer of
the system, improving the heat transfer by conduction and further reducing the contribution of convection.
Conversely, during discharge (Fig. 2b) the numerical prediction of the three cases with different A, s, appear very
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close to the experimental results. This can be explained by the different nature of the heat transfer phenomena that
take place during melting and solidification. In fact, in case of solidification, conduction is the only heat transfer
mechanism, while in case of melting, natural convection occurs in the melt layer dominating the heat transfer
process and this generally increases the heat transfer rate compared to the solidification process. Thus, the variation
of A,usn has a very poor influence in solidification process. Fig. 3 shows the PCM melted fraction versus time for
the charge (a) and discharge (b) processes. This parameter is defined as the ratio between the volume of PCM in
liquid phase and the total volume occupied by the PCM. By definition, the melting fraction is 0 at the beginning of
the charge process and 1 at the beginning of the discharge process.
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Fig. 3. Melting fraction for charge (a) and discharge (b) processes

As said before, the analysis of the effects of the variation of 4,,,,,s, Was carried out only for Experiment 1, thus the
melting fraction curves obtained during charge (Fig. 3a) refer only to this experiment. During discharge, the melting
fraction curves (Fig. 3b) are valid for both experiments since the same HTF volumetric flow rate was assumed. At
the end of the established charging time (1600 s), the value of the melting fraction is approximately 0.91 for the
Ayusn values of 10° and 10% and about 0.93 for A, = 10* (Fig. 3a), while at the end of established discharging
time (2100 s) the melting fraction reaches the same value of about 0.41 for the three A,,, s, values considered (Fig.
3b). In charge phase, the difference between the three cases exists, even if it is not so evident. During melting, as
previously stated, the heat transfer is strongly influenced by convection. In fact, an increase of A,,,s, involves a
decrease of the convective rate with a consequent melting fraction drop/reduction. In discharge phase, almost the
same behaviour was achieved since during solidification the heat transfer is dominated by conduction. This is also
evident in Fig. 4 that shows the phase change evolution of the PCM during charge (a) and during discharge (b). Also
in this case, the phase change front evolution during the charge phase is referred to Experiment 1 while the curves
obtained during discharge are valid for both experiments. The figure shows a cross section of the TES system in
which the inner tube is on the left side while the wall is on the right side. The lines represents the interface between
liquid and solid PCM (reported at the centreline of the mushy zone, i.e. MF = 0.5) that moves from the centre (the
inner tube) to the outer wall during the charge phase, and the interface between solid and liquid PCM during
discharge phase. At the beginning of both charge and discharge processes, the transition front starts to form at the
top of the TES system, where the HTF enters, along the entire length of the inner tube and around the fins. It is
found that natural convection in the melted region, as well as the A,,,s;, value, considerably influence the interface
shape and motion during the melting process while during solidification the same behaviour of the phases evolution
profile was detected for all cases considered. Fig. 4(a) shows the phase evolution of the PCM during charge for
Experiment 1 considering different value of the mushy zone constant. At the beginning, the process is dominated by
conduction. The liquid-solid interface moves almost parallel to the heating surface (the inner tube), then when the
liquid phase increases, the influence of the natural convection becomes stronger. After 500 seconds, the convection
heat transfer has a higher contribution in melting and helps increasing the heat transfer rate within the PCM domain.
It is also possible to notice that the different values of the mushy zone constant have an influence on the shape of the



Simone Arena et al. / Energy Procedia 126 (201709) 517-524 523

phase change front. In general, the presence of gravity, non-uniform temperature field and heterogeneous density
generate a buoyancy force in the liquid PCM domain which determines the particular shape of the solid-liquid
interface. In this case, the different shapes of the melting front were induced by the different values of viscosity
obtained by Eq. (10) which is a function of A,y,s,. In fact, for values of A, of 10° and 10° the phase evolution
presents the same behaviour while for A,,,, = 10%, differences on shape and motion were observed. A value of
Ausn = 10* determines a downward curvature of the phase change front during melting process clearly noticeable
after 1000 s (Fig. 4a) even if, as said before, this was not related to large differences in melting fraction rate. An
increase in Ap,,sp leads to an increase of the PCM viscosity and, consequently, of the diffusive term in Eq. (6)
which dominates over the convective term.
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Fig. 4. Phase evolution during charge for Experiment 1 (a) and during discharge for both the experiments (b).
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This means that, for low A,,,, values, the shape of the melting front depends on both the heat transfer
mechanisms (conduction and convection), while for high values of 4,5, conduction plays an important role in the
formation and motion of this front. For the discharge phase (Fig. 4b), the three cases considered present very similar
results. After 2100 seconds the solid-liquid interface is approximately in the same position also considering the
different values of the mushy zone constant selected. In fact, in this case, conduction dominates the heat transfer
process, thus the influence of natural convection is very low.

4. Conclusions

A numerical model was developed in the COMSOL Multiphysics environment to simulate a latent heat thermal
energy storage system based on the configuration of a finned double tube heat exchanger, filled with paraffin RT35
as PCM. The analysis of the influence of the mushy zone constant (A,,,s,) on the melting and solidification
behaviour of the PCM was presented by adopting three different values of the parameter A,,,sp, equal to 10*, 10°
and 10%. In order to evaluate the influence of the heat transfer by convection during charge and discharge processes,
a comparison with the results obtained with two experimental tests, performed in the laboratories of the University
of Lleida, Spain, was carried out. Overall, a good agreement with the experimental temperature profiles during
charge and discharge phase was obtained for the three different values of the mushy zone constant considered.
During charge phase, the numerical temperature profiles present the same trend and a small difference was detected
at the end of the process. It was found that smaller the A,,, s, value, higher the temperature due to the decrease of
the mushy-zone area and the consequent increase of the natural convection effects. Conversely, no relevant
difference on temperature profile, was observed by varying the constant 4,,,; during the discharge phase since, in
the solidification process, conduction dominates the heat transfer process. The influence of the mushy zone constant
was analyzed also in terms of melting fraction and phase change front evolution during both charge and discharge
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processes. Concerning the melting fraction, a small difference between, about 2% the three cases was observed in
the charge process, since during melting the heat transfer is strongly influenced by convection. Differently, almost
the same behaviour of the three cases was obtained in the discharge process, since during solidification the heat
transfer is dominated by conduction. Furthermore, it was found that the value of A, influences the interface
shape and motion during the phase transition process. In fact, for values of A,,,,,5, of 10° and 10® the phase evolution
presents the same behaviour while for 4,,,,s, = 10%, a downward curvature of the phase change front was attained
during the melting process. During the solidification process, the three cases considered present very similar results.
At the end of the established discharging time, the solid-liquid interface is approximately in the same position also
considering the different values of A, selected. In fact, in this case, conduction dominates the heat transfer
process, thus the influence of natural convection is very low. Finally, it is important to emphasize that this paper
provides only a preliminary discussion of the effects of the mushy zone constant on numerical simulation problems
related to phase change heat transfer phenomena including natural convection. Further work is necessary to identify
the proper value of A,,,s, not only considering other important factors such as the variation of the temperature
range transition and other PCM characteristics, but also performing more in-depth experimental tests.
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