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Abstract- Latent Heat Thermal Energy Storage (LHTES) is a method to store thermal energy in a Phase Change Material
(PCM). Due to the higher energy density, the efficiency of the size of the container might happen. However, the thermal
energy storing (charging) time on LHTES is considerably inefficient. The increasing velocity of HTF was conducted using a
modified fin and encapsulation to improve the charging time. Similarly, with this motivation, numerical analysis with modified
density modelling was conducted to investigate the effect of temperature of heat transfer fluid (HTF) on PCM. This
investigation was validated with shell-tube geometry experiment. The experiment set-up was divided into two parts where
shell part used as circulation of Heat Transfer Fluid (HTF) and tube part containing PCM (RT-52). This simulation carried out
using ANSYS FLUENT 17 to observe evolution on radial-axial temperature, melting time, melting contour and natural
convection as the effect of HTF temperature variation. The natural convection got higher and induced the circulation in tube as
well. Thus, the melting area was much more at the top cylinder. Melting time decreased significantly as the rising of HTF
temperature.
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1. Introduction

The tendency of using fossil energy has been suppressed
to decrease due to environmental issue and scarcity. In other
side the growth of population each year impose high demand
energy with annual consumption of oil reached 1.7 tons[1].
By regarding the environmental issue, scarcity of energy
source and high demand energy to withstand these issues, the
way out is to leverage renewable energy. Many researches
have been developed to achieve this goal such as using wave
energy[2][3], supplementary energy by using photovoltage
(PV)[4], and energy saving and storage [5].

Latent Heat Thermal Energy Storage (LHTES) is vital in
saving and supply energy demand, especially in thermal

energy. LHTES becomes very popular on energy storage
applications because of high energy density, wide range
temperature operation, constant temperature operation and
high density[6]. Despite that, the time consumed on charging
process is inefficient due to low thermal conductivity.

As a result, many efforts had been conducted to improve
melting time, including using finned container [7]-[9], nano
particle[10][11], transposable PCM [12] and porous material
[13].

Numerical analysis was conducted to observe melting
phenomena in various geometry to improve the charging
process. In such an effort, simulation has a vital role in
overcoming limited time and budget in the experiment[14]
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[15]. Some of the numerical analyses had been conducted
primarily in the vertical [16], [17] in 2-D, and horizontal
orientation 3-D [18].

During searching on the literature on the effect of
temperature of HTF on PCM has been conducted using
numerical analysis [19][20][21]. According to these previous
works gave same result by increasing temperature on HTF
would decrease the melting time, and with the assumption
PCM properties are constant. In this study, the observation of
melting phenomena with HTF variation is conducted, but the
density of PCM depends on its phase especially on horizontal
orientation and using a shell-tube heat exchanger. 3-D
simulation was carried out to see melting phenomena and the
temperature evolution in the radial and axial direction.
Density modelling could be engaged by using a user-defined
function in ANSYS FLUENT 17.

2. Material Characteristics

In this simulation, PCM used is paraffin wax RT-52 in
which the density depends on its phase. Although the
chemical reaction applications in the simulation. PCM
selection was crucial, and it had to suit the working range
especially in the term of temperature range and chemical
reaction between component. The thermal properties of PCM
tabulated in Table 1[18].

Table 1. PCM properties Paraffin Wax RT-52

Properties Value
Melting range 49 -53 °C
Heat Storage Capacity 173 kl/kg
Density Solid (15°C) 880 kg/m3
Density Liquid (80°C) 760 kg/m3
Volume expansion 16%

Heat Conductivity 0.2 W/(m°K)
Kinematic viscosity 31.28 x 10-6
(80°C) m?/s
Specific Capacity 2 kl/kgK

3. Numerical Model and Simulation

Governing equation to simulate melting phenomena is
using enthalpy porosity, where enthalpy inserted into mass,
energy and momentum equations. In such of that the
calculation of the energy, mass and momentum balance
between cell using enthalpy form to accommodate phase
change in melting and solidification phenomena [22]. The
governing equations described as follow [23]:

Mass continuity equation

L4 V.(pV) =0 (1)
Momentum equation:
%+va17=—VP+u.V2v+pg—S 2

Denoting p was density, ¢ was dynamic of viscosity, and S
represented source porosity that mimic the melting and
solidification phenomena. S is described in the following
equation:

_a-p, o

S f3 —€ AmushV

A3)
Apusn Was the mushy-zone parameter represented the pseudo
porosity medium and it was defined as 107. f was indicated
as liquid-fraction of PCM and it is related to the porosity.
When the cell is fully solidified the porosity becomes zero,

and it described as follows:
0 T < Tsolidus

T-Tsoli
Tliquiduzo—llesljidus Tsotiaqus =T < Tliquidus 4
1 T> Tliquidus
PCM melted above liquidus temperature or molten when
the temperature was between solidus and liquidus.
Otherwise, it was solid if the temperature below solidus
temperature. Where al and as were the density at the liquid

and solid phase, respectively. Corresponding density to the
phase as follows:

f:

a=fal+(1-fas (5)
The equation of energy is described as follows:
222 + VpHV = V. (kVT) (6)

According to [24] pressure velocity coupling scheme,
simple and piso has no difference when they are compared to
that experiment, but this simulation uses coupled scheme
since convergency is faster to achieve. The discretization
method for pressure is PRESTO and for the rest using
second-order upwind.

3.1. Geometry and Mesh Type

The setting of the geometry in this simulation was the
same as an experimental set-up. Shell-tube heat exchanger
concept used in which two cylinders installed concentrically
with different diameters. Figure 3.1. showed the smaller one

used as tube and the big one as a shell.
\\ O/:

PCM
Hot Water Container
(T

ube)
//// \
»

Fig.3.1. The geometry of the experiment

In this simulation, the mesh generated in Gambit was
hex mesh. The mesh is shown in Fig.3.2.

2113



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Fajar Anggara et al., Vol.9, No.4, 2019

Fig.3.2. Meshing

Some of part of the geometry were excluded in the
simulation due to mesh quality. However, the result of the
simulation was not affected, and it showed a proper
validation. The worst skewness and aspect ratio of mesh are
0.587 and 25.38 respectively.

3.2. Experimental Set-Up

HTF flowed into the inlet at the bottom and out to outlet
at the top of the shell. Due to the limitation of the apparatus
of the experiment, HTF temperature could not be higher than
90°C, and it varied at 60°C, 75°C, and 90°C.

Figure.3.3. showed the position of thermocouple where
temperature data was obtained. Axial temperature position
obtained at T3, T6, T7, T8 while in radial position at T1, T2,
T3, T4, TS. HTF flow rate was maintained at 4L/min until
PCM melted completely.

Tout Shell T5
LWL R R
' \ ]
i Enill]
Eat
1 1 T
Tube PCM - T1T2 in

Fig.3.3. Position of thermocouple
4. Result and Discussion

In this session, the discussion will focus on the result of
this work starting with validation of simulation, describing
the melting contour, explaining the effect of temperature
variation on temperature evolution.

Validation convinces the validity of simulation that is
shown on the independency of mesh, then comparing the
temperature graph to the experiment in radial and axial
direction. The effect of natural convection will be obviously
appeared on melting contour and evolution of temperature in
radial and axial direction.

4.1. Validation

This session of validation started with independency of
mesh. Figure.4.1. shows independence of mesh with 144000
has slightly different to 300000 and 500000. In such that, the
number of mesh used in this simulation is 144000.
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Fig.4.1. Independency of mesh

After showing the independency of mesh, the next
validation was conducted by comparing temperature
evolution on the graphic between simulation and experiment.
Figure.4.2 and Figure.4.3. showed the comparison on the
graphic at 60°C in a radial and axial direction.
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Fig.4.2. Comparison of radial temperature
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Fig.4.3. Comparison of axial temperature

In terms of this validation, it had been investigated in the
previous paper. It presented various validations such as
melting contour, the average coefficient correlation between
graph of temperature simulation and experiment in radial and
axial direction is 0.76, the deviation of melting time was less
than 5%. The validation showed this simulation had a good
agreement. Tweaking parameters such as mushy-zone on the
previous paper was used in this simulation.
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5. The Effect of Temperature Variation

In this session, the impact of temperature variation was
presented. As mentioned earlier, the effect of this variation is
included on melting contour, melting time and temperature
evolution in radial and axial direction.

5.1. Melting Contour

In the Fig.5.1. showed liquid fraction on melting contour
in a radial position at 1020 second. At the same time, with
the higher HTF temperature, the amount of melting area was
much more.
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Fig.5.1. The melting contour in radial position at 1020
second

Symmetry melting contour occurred in the Fig.5.1. at the
temperature of 60°C and 75°C. It indicated the effect of
natural convection was not significant. On the other hand,
natural convection was taken into account at temperature
90°C as the top of the cylinder had much more melting area
than bottom one. This effect gradually increased when the
amount of molten layer near the tube wall also increased.

5.2. Melting Time

Investigation of melting time affected the temperature
variation described in the Fig.5.2. It showed that heat flux
through the wall tube is increased. As a result, the melting
time decreased at the higher temperature of HTF.
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Fig.5.2. The effect of temperature variation to melting time

5.3. Temperature Evolution

It has been described that melting time decreased by
increasing HTF temperature. It could be shown in the Fig.5.3
that the curve with higher temperature is relatively shorter in
the abscissa. However, the distribution of heat in radial and
axial direction has not been clearly described. To describe
how the temperature distribution in such direction, the
temperature evolution has been plotted in Fig. 5.4. and
Fig.5.5.
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Fig.5.3. Comparison of T3
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Fig.5.4. Temperature evolution in the axial direction

Figure.5.4. showed temperature evolution in axial
direction. In Figure.5.4, the temperature evolution was
divided into three regions such as A, B, and C where sensible
and latent heat take place. In region A, PCM was in solid
phase in which the thermal conductivity had a significant
impact on temperature distribution. Since PCM was
homogenous, the distribution of temperature in radial
position was nearly the same.

In region B, the distribution of temperature in radial
direction is nearly the same, and it has a constant
temperature. In term of a constant temperature, it follows that
latent heat attempts to change in PCM phase from solid to
liquid.

Another case in region C, the temperature has significant
increase near the side of inlet. In such a way of that the
accumulation of heat is much more at the near side of inlet.
Hence, T3 experiences significant increasing in C region.
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The effect of natural convection in tube cylinder could
be observed in Fig.5.5. Although T1 and TS5 had same
position of close to the wall, temperature on TS was higher
than T1 because of the natural convection. Due to natural
convection, forcing the heat flow in the tube cylinder tends to
reach the top position of the tube. The present of this
circulation was due to gradient density where the lower
density tends to enter upper area as shown in Fig.5.6.
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Fig.5.5. Temperature evolution in the axial direction

Thus, there was a circulation flow that inhibited the
melting rate at the bottom position. It implied that the
temperature near top area was higher than bottom one.
Similarly the temperature of T4 was more elevated than T2
and T3.

Fig.5.6. Vector of velocity temperature at 60°C

Vector of velocity temperature in Fig.5.6. showed the
circulation due to gradient density. The other effect of natural
convection is inducing the fluctuation on Tl and TS in
temperature graph and it is shown in the Fig.5.7.

This fluctuation is corresponded to the velocity vector in
the Fig.5.6. This velocity tends to get higher as the increasing
of HTF temperature inlet.
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Fig.5.7. Comparison of T1
6. Conclusions

3-D shell-tube heat exchanger model was simulated
using ANSYS FLUENT 17 with user-defined function to
model the behaviour of PCM. The result shows an excellent
agreement to the experiment. This numerical analysis has
been carried out as didactic method to engage deep
understanding of melting phenomena.

The effect of natural convection due to gradient density
was more significant when the circulation flow in the tube
gradually increased. This circulation was a driven force to
engage the melting area at the top cylinder became much
more than bottom one. The other effect of natural convection
is corresponded to the velocity that caused the fluctuation in
temperature graph. Another underlined case was the
accumulation of heat flux depending on the driven force that
present in tube and how close the container to HTF inlet.

User-defined was a vital role in capturing the behaviour
of natural convection in PCM. So, it was wide open to study
the modelling of PCM to mimic its response at the
experiment.

Especially in this experiment, there were no sinking
phenomena of PCM captured in this simulation. This
phenomenon was still vague, and it needed more literature
whether it happened in the experiment or due to the
disturbance.
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