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Abstract: The solidification process in a multi-tube latent heat energy system is affected by the nat-
ural convection and the arrangement of heat exchanger tubes, which changes the buoyancy effect
as well. In the current work, the effect of the arrangement of the tubes in a multi-tube heat exchanger
was examined during the solidification process with the focus on the natural convection effects in-
side the phase change material (PCM). The behavior of the system was numerically analyzed using
liquid fraction and energy released, as well as temperature, velocity and streamline profiles for dif-
ferent studied cases. The arrangement of the tubes, considering seven pipes in the symmetrical con-
dition, are assumed at different positions in the system, including uniform distribution of the tubes
as well as non-uniform distribution, i.e., tubes concentrated at the bottom, middle and the top of
the PCM shell. The model was first validated compared with previous experimental work from the
literature. The results show that the heat rate removal from the PCM after 16 h was 52.89 W (max)
and 14.85 W (min) for the cases of uniform tube distribution and tubes concentrated at the bottom,
respectively, for the proposed dimensions of the heat exchanger. The heat rate removal of the sys-
tem with uniform tube distribution increases when the distance between the tubes and top of the
shell reduces, and increased equal to 68.75 W due to natural convection effect. The heat release rate
also reduces by increasing the temperature the tubes. The heat removal rate increases by 7.5%, and
23.7% when the temperature increases from 10 °C to 15 °C and 20 °C, respectively. This paper re-
veals that specific consideration to the arrangement of the tubes should be made to enhance the heat
recovery process attending natural convection effects in phase change heat storage systems.

Keywords: natural convection; phase change material; tubes” arrangement; thermal energy storage;
solidification; multi-tubes heat exchanger
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1. Introduction

Comprehensive socio-economic changes are coupled with higher requirements of
major energy sources, while the global demand for energy supply have increased by 1.5
times due to industrial developments [1,2]. Fossil fuels as the primary resources, which
provides 80% of the major power, have been reduced, on account of an increase in clean
energy usage because of reducing raw resources and climate change, which is caused by
the emission of harmful gases and particles [3,4]. The innovation of a high-efficiency tech-
nology to utilize a renewable energy resource is highly promising [5,6]. The erratic and
unexpected behavior of renewable energy sources have a negative impact in extensive
applications [7]. Thermal energy storage (TES) systems are considered a critical solution
to eliminate the gap between energy supply and demand. Latent, sensible, and thermo-
chemical heat are the presented formations for saving energy in TES systems [8]. Latent
heat storage (LHS) employs phase-change materials (PCM) to absorb and release thermal
energy through the phase changes between solid and liquid under almost constant tem-
perature conditions. The advantages of PCMs are a high heat capacity, low environmental
risks, and operating in a very narrow range of temperature [9-11]. Generally, the weak
thermal conductivity of PCMs, which range from 0.1 to 0.8 W/(m-K) [12], reduces the
phase change rates, which causes a limitation of their applications. Therefore, several ther-
mal efficiency improvement methods have been developed and applied to improve the
heat transfer rate in the system [13,14]. These methods include adding fins and extended
surfaces [15,16], modifying the geometry [17-20], porous media [21-24], heat tubes [25-
28], composing thermally high conducting particles [29,30], multiple PCMs [31,32], nano-
particles [33,34], and using the combinations of different methods [35-37]. To enhance the
natural convection in the system, multi-HTF tubes could be used, which is also valuable
regarding the weight and cost of the design [38,39].

In the state of geometrical designs, there are two categories: shell and tube systems
[40-43] and triple homocentric tube [44,45] units. The shell and tube thermal exchanger
combined with extended surfaces is an ideal case because of the high heat transfer perfor-
mance, its simple design, and its easier combination in applications. This unit is based on
the PCM’s position and the number and location of tubes, which are also categorized into
several types, including pipe, cylinder, and multi-tube [46]. In the tube mode, the PCM is
inside the tube and the HTF flows over the external wall. In the cylinder mode [47], which
is considered as the ideal shell-tube configuration, the HTF flows inside the pipes, and the
PCM is surrounded by the shell. Pakalka et al. [48] experimentally and theoretically stud-
ied the natural convection heat transfer in the PCM-based fin and tube thermal exchanger.
They found that the convection heat transfer coefficient was equal to 61 and 68 W/m?K in
the experimental and theoretical methods, respectively. Mahdi et al. [32] studied the ther-
mal reaction of the shell-and-tube TES consisting of multiple segments carrying separate
PCMs of different phase-change points. They found that applying multi-segments in-
creases the phase-change rate up to 94%. Rathod and Banerjee [49] studied both phase-
change rates of PCM in vertical shells and tubes. They found that the phase-change rate,
with and without three longitudinal extended fins, was improved by 25% and 44%, re-
spectively. Lohrasbi et al. [50] stated that the combination of the fins enhances the melting
rate in the vertical shell and tube by 3.3-, 3.6-, and 4.3-fold compared with the finless case.
Esapour et al. [51] theoretically studied the optimization of the number and the diameter
of the multiple-tube system. They found that the melting rate improves by 29% when a
system with four tubes is applied, compared with a single tube unit, and they also found
that the tube located at the bottom part of the system enhances the performance. Rabiena-
taj Darzi et al. [52] reported that the phase change rate improves with adding fins to the
system of shell and tube. They stated that the melting and solidification rate increase by
39 to 82% and 28 to 85% when the number of the fins rose from 4 to 20. Khan et al. [53]
developed a new shape of shell and tube combined with a longitudinal fin. They found
that raising the inlet temperature from 323 to 343 K considerably enhanced the phase
change rate and total enthalpy by 69% and 18%, respectively.
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Numerous studies have been attained to improve the discharging process [54-57].
The first numerical study examining the discharging process was conducted by Tao [58].
He formed a model to detect the interface shifting procedure through the phase-change
process. Gortych et al. [59] experimentally and numerically evaluated the solidification
process of the PCM placed in a horizontal annular tube. A constant wall temperature was
assumed, and a normal range of the free convection coefficient was detected. Abdollah-
zadeh and Esmaeilpour [60] evaluated the wavy wall TES, combined with a nanofluid as
HTE. A considerable impact on the thermal efficiency of the unit was detected due to ap-
plying a special configuration and nanofluid as HTF. Shahsavar et al. [61] explored the
impact of the wavy channel and the porous medium on the TES. They found that the unit
design and the metal foam have a significant impact on the thermal operation of the dis-
charging process because of increasing the thermal exchange surface area and improving
the mean thermal conductivity of the unit. Choi and Kim [62] assessed the round fins for
the solidification enhancement in the LHS. They indicated that the fins enhance the ther-
mal coefficient 3 fold over the finless case. Wang et al. [63] numerically analyzed the dis-
charging process in a zigzag configuration heat exchanger. A considerable impact on the
heat transfer efficiency has been noticed due to the average velocity of the HTF. Sardari et
al. [19] examined the modified zigzag design of the LHS. They stated that the system with
a zigzag angle of 60° decelerates the storage rate by 1/3 times over the rate of the situation
with a 30° zigzag angle.

The optimization of the variable dependent factors to achieve a higher efficiency,
lower cost, and smaller size have been studied by several researchers. Bazai et al. [27]
studied the thermal optimization of the circular elliptical double pipe-based TES unit.
They detected the optimum values of the diameters of the pipes and the angular position.
They found that the wider angle of the channel produced a faster charging rate, the melt-
ing rate increased by 61%, and the performance enhanced by 26% when the aspect ratio
(hydraulic diameter to the length of the tubes) was 0.33 compared with the aspect ratio of
1. Talebzadehsardari et al. [36] analyzed the optimum shape and location of airflow pipes
on the discharging process of a combined metal foam-PCM unit. They found that the so-
lidification time dropped by 57%, and the temperature difference between both ends of
the discharging rate improved by three times compared with the unit with the straight air
tube. Li et al. [64] mathematically studied the optimization of the packed-bed TES with
cascaded PCM capsules under the constraints of outlet threshold temperature. They
found that the effective usage rate can achieve 84%, which is about twice as high as that
in non-cascaded PCM-TES. Liang et al. [65] studied the performance optimization for
shell-and-tube PCM thermal energy storage. The fully turbulent flow strongly improves
the melting rate 50 fold and raises the capacity efficiency at the applied PCM volume ratio
from 0.2-0.8 to 0.6-0.9 at laminar flow cases.

The literature review shows that there are many parameters that could be important
factors in the discharging process of PCM. The location of the tubes (HTF channels) has a
considerable impact on the movement of the liquid PCM and the thermal efficiency of the
unit. Studying and optimizing the position of the multi-tube provides better information
and knowledge in this field. Therefore, the current work, with the novel idea, aimed to
scientifically optimize and design the efficiency of a shell-and-tube LHTES to increase the
solidification rate and improve the thermal rate from the PCM to the HTF. The lowest
distance between the upper tube and the top wall was optimized to gain the lowest solid-
ification time. The evaluation was achieved by analyzing the liquid fraction (LF), the so-
lidification rate, the contours of the phases, and the temperature. It should be noted that
the melting process of the proposed heat exchanger has been studied previously by the
authors [3]. This paper is focused on the heat recovery process as the effect of natural
convection and buoyancy for various arrangements of the tubes are completely different
when compared with the melting process, which is studied separately in this paper. The
aim was to move the HTF tubes’ location through the PCM area to reach the best location
and take full benefit of free convection flows to reduce the discharging time.
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2. Problem Description

The investigated system is a multi-tube shell-and-tube heat exchanger, incorporating
several tubes in a rectangular PCM container. Figure 1a illustrated the schematic of the
proposed heat exchanger incorporating seven tubes in symmetrical conditions from both
the left and right sides that could be extended by repeating the pattern in the horizontal
direction, and Figure 1b illustrates the full domain. This assumption can be considered
with a long width for the heat exchanger. The heat exchanger’s upper and lower walls are
adiabatic to eliminate the impact of environmental conditions with no-slip boundary con-
ditions. Different tubes’ wall temperatures of 10, 15, and 20 °C are considered for the so-
lidification process, while the initial temperature of the PCM is equal to 50 °C. Gravity is
considered in the vertical direction toward the bottom of the heat exchanger. It should be
noted that the system is studied in two-dimensional conditions due to the high computa-
tional cost of 3D simulations. It should be noted that this assumption is meaningful con-
sidering a long length of the heat exchanger ignoring the wall effects.

The nominal diameter of the tube (D) is 12.7 mm (0.5 in) with an outer diameter of
15.875 mm, which is one of the standard sizes of copper tubes in heat exchangers. The
height of the shell is assumed to be 314.325 mm, and the width of each repeated section is
considered to be 71.344 mm. As shown in Figure 1a, for the uniform distribution of the
pipes, it is assumed that the distance between two pipes that are next to each other on the
left wall and the adjacent pipe on the right wall is constant. In addition, the tubes on the
right-hand side of the shell are located at the center line of the two adjacent tubes on the
left-hand side wall. In other words, the centers of these pipes generate an equilateral tri-
angle for the uniform arrangement of the pipes. The reason for using a staggered array of
the pipes is a better and more uniform distribution of the heat sinks (pipes with low tem-
perature) in the heat exchangers, considering a constant number of the tubes. Thus, during
the solidification process, a heat sink can fill the gap between the two adjacent pipes in
the vertical direction, which can help improve the solidification rates of the heat ex-
changer. It should be noted that different arrangements are defined to evaluate the effect
of natural convection in the proposed shell and tube heat exchanger, which are presented
later in the results and discussion sections.
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Figure 1. The schematic of the studied multiple heat exchanger: (a) symmetry condition, (b) full domain.

RT-35 is used as the PCM in this study, of which the thermo-physical properties are
presented in Table 1. The density is assumed to be constant because the specific mass of
the PCM is contained in the same volume (constant mass and constant volume), and then
the density is constant even during the solidification process.

Table 1. Thermophysical properties of RT35 [66].

Property RT35
Specific heat (k]J/kgK) 2
Viscosity (Pas) 0.023
Heat of fusion (kJ/kg) 170
Liquidus temperature (°C) 35
Density (kg/m?) 815
Thermal conductivity (W/mK) 0.2
Solidus temperature (°C) 29
Thermal expansion coefficient (1/K) 0.0006

3. Mathematical Modeling

The governing equation in this case for 2D laminar, incompressible, transient, and
Newtonian fluid flow are provided as follows, built on the enthalpy-porosity technique
defined by Brent et al. [67] considering the assumptions of employing a Boussinesque ap-
proximation for natural convection effects due to low-temperature variation in the do-
main [67], and neglecting viscous dissipation because of the non-appearance of high ve-
locities [67]:

dp -
L iv oV = 1
6t+VpV 0 (1)
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where 4,, is the mushy constant which is selected as 105, following [42]. The symbol A
shows the liquid volume fraction (melted fraction of PCM in an element), defined as:
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where the total enthalpy of an element is the combination of latent heat (AH) and sensitive
enthalpy (k) as H = AH + h. Thus, the total enthalpy could be computed by the integra-
tion of H over the computational domain.

The solidification or discharging rate @ is introduced as [68]:

m( [ CpdT+Ls+ [, CpdT)
7

Q‘:i:

tm tm

©)

where t,, is the melting time and m is the mass of PCM.

4. Numerical Process

ANSYS-FLUENT software was employed to solve and analyze the governing equa-
tions applying the SIMPLE algorithm with PRESTO and QUICK methods to discretize the
momentum and energy equations, respectively. The convergence criteria are set to 10~ for
continuity and 10 for the momentum and energy equations. Furthermore, it should be
noted that different grids and sizes of time-step were also performed to obtain the results
independently from the grid and time step size. It should be noted that due to transient
analysis of the phase-change problem, the convergence of all the governing equations at
each time step should be checked and satisfied for different grid sizes with the given time
steps which are performed in this study.

The heat recovery or solidification rate over 16 h was considered as the criteria to find
the mesh independently from the number of cells and size of time step. First, different
node numbers of 35,122, 52,682 and 105,364 are evaluated considering a time step size of
0.2 for the case with a uniform distribution of the tubes. The results show that the average
solidification rate is 53.43, 52.89, and 52.74 for the system with 35122, 52,682, and 105,364
nodes, respectively. Therefore, the mesh with 52,682 nodes is selected for further analysis
since the difference in the solidification rate between this case and the case with 105,364
nodes is less than 0.5%. Figure 2 shows the mesh of the selected case for the middle part
of the domain. It should be noted that a uniform mesh is generated in all of the domains
considering an edge sizing of 0.66 mm for all the walls of the domain. Different time step
sizes of 0.1, 0.2, and 0.4 s are also studied to find the results independently from the size
of the time step for the selected mesh. The results showed almost similar solidification
rates of 53.01, 52.89, and 52. 55 for different sizes of time steps, and therefore the size of
the time step was also selected as equal to 0.2 s. It should be noted that for each simulation,
a high spec PC was used using four CPUs in parallel with a base speed of 2.39 GHz. For
the case with uniform distribution of the tubes, the simulation of the solidification process
for 16 h took 43 h and 29 min.
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Figure 2. The mesh with 52,682 nodes in the middle of the domain.

The investigation of Mat et al. [69] was regenerated to verify the employed numerical
simulation in the present study for a phase-change problem. Mat et al. [69] examined a
finned-type dual-pipe LHS numerically and experimentally using organic PCM. The com-
parison is illustrated in Figure 3 between the numerical and practical results of the mean
temperature and the numerical data of liquid fraction belongs to the study of Mat et al.

with the present numerical study, which shows an excellent agreement.

100
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Figure 3. Code verification for a phase-change problem using the experimental data of Mat et al.

[69].
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To validate the accuracy during the solidification process, the present study is com-
pared with the experimental work of Al-Abidi et al. [15]. They investigated the PCM tem-
perature variation in a triple-tube PCM heat exchanger with fins. As observed in Figure
4, the comparison of the PCM average temperature of the present study are in good agree-
ment with the experimental study of Al-Abidi et al. [15] showing the accuracy of the pre-
sent model for the solidification process.

373
o |
41
E_,' 363 v T Present study
£ I -
g 5 v Al-Abidi et al []
<
g [ N
2383k N\
8 | <
g "\‘ v
~.
z N
------ y
% 343 il SR §
-4
333 b—
0 10 20 30 40

Time (minutes)

Figure 4. Code verification during the solidification process using the experimental study of Al-
Abidi et al. [15].

5. Results and Discussion

Several simulations were run based on the model presented in the preceding section
to identify the best design of the PCM-based TES unit with multiple tubes carrying the
heat-transfer fluid (HTF). The impacts of natural convection on the thermofluidic perfor-
mance of PCM during the energy discharging mode were discussed and revealed. During
the discharging mode, a buoyancy-driven flow is particularly induced in the top portions
of the PCM domain. This is due to the fact that hot liquid PCM tends to travel upward,
and warm streams always settle at the top of the enclosure; hence, the density of the warm
liquid PCM is lower than that of the cold solid PCM. In order to better profit from the
nonuniformity of natural convection along the vertical direction, the energy storage units
consisting of multiple HTF tubes must be properly designed. Therefore, the placement
height of the HTF tubes was adopted as a design parameter in this analysis. There are
three geometrical design variables, as shown in Figure 1, which are HLO, HL1, HL2, and
HL3. Therefore, four different arrangements were considered, and the details are summa-
rized in Table 2.

Table 2. The geometric parameters of the different tube arrangements adopted in the cases studied.

.. HLo (Height of the First HL123 (Height of the Second, Third and
Description

Tube) Fourth Tube)
P7 20+ D/2 71.73+D
P7-top 20+ D/2 40+ D
P7-mid 67.06 + D/2 40+ D
P7-bottom 20+ D/2 40+ D

To better understand the geometric parameters, Figure 5 displays the different pro-
posed geometries presented in Table 2.
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Figure 5. The schematic of the studied geometries presented in Table 2.

5.1. Natural Convection Impact for the Different Pipe Arrangements

The effects of applying different tube arrangements on the liquid-fraction contours,
temperature distribution, velocity field, and streamlines over four different solidification
durations (t=4, 8, 12, and 16 h) are shown in Figures 6-8, respectively. There is a temper-
ature gradient created in the early durations of the solidification when heat is primarily
transferred via conduction between the cooler tube walls and the nearby solidifying fronts
(marked in green) that surround the solid zone. Thereby, a buoyant force is generated
which, once a sufficient amount of time has passed, becomes able to overpower the vis-
cous force and aids in the creation of a buoyancy-driven flow at the top portion. During
the first duration (t =4 h), natural convection takes over as the primary heat transfer mech-
anism, allowing a delay in solidifying the PCM at the upper portions of the system. The
size of the unsolidified PCM part (the red zone) is greatly dependent on the type of the
tube arrangement being used. In all time durations, the size of the unsolidified PCM as
compared between the four tube distribution cases becomes smaller as the tube arrange-
ment moves from the reference case of the uniform tube distribution, i.e., P-7. As can be
seen from Figure 6, the maximum delay in the solidification evolution was in the case of
P7-bottom. This implies that moving the HTF tubes from the uniform distribution would
negatively affect the potential for propagation of solidification in the liquid zones. There-
fore, solidification takes a longer duration to be terminated, especially in the case of the
bottom tube arrangement (P7-bottom). This is attributed to the dominance of local con-
vection over conduction in the upper portions of the domain, allowing slower solidifica-
tion rates in these zones.
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Liquid Fraction: 0 0.1 02 03 04 05 06 0.7 08 09 1

P7-mid P7-top P7-bottom pP7 P7-mid P7-top P7-bottom
After4 h After 8 h

p7 P7-mid P7-top P7-bottom P7-mid P7-top P7-bottom
After 12 h After 16 h

Figure 6. Contours of the liquid-fraction evolution for the studied tube arrangements over different durations of PCM
solidification.

Figure 7 shows the temperature distribution over different time durations for the
studied pipe arrangements. Heat conduction dominates the heat transfer process during
the earlier stage of solidification (t=6 h). A considerable variance in the color of isotherms
is noted as time passes, and the pipe distribution held out the reference case of uniform
pipe distribution. For example, comparing the isotherms in the case of bottom distribution
(the fourth column) to the base case (the first column) shows that the isotherms depart
from uniformity in color especially in the upper part due to the temperature gradients
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P7

P7

P7-mid

P7-mid

Temperature (K)

generated with the presence of buoyancy-driven flow in these portions. This discoloration
is a sign for the influencing convection contribution in the overall heat transfer process.
However, this convection contribution results in a delay in solidification completion,
which is the status where the temperature balance between the HTF and the PCM exists.
Therefore, decreasing or increasing the distance between the multiple HTF tubes does not
bring any improvements to the solidification behavior of PCM compared to that in the
base case of uniform tube distribution. Further, the convective heat transfer is affected
more by decreasing the distance between the tubes (the case of P7-mid) or moving the
HTF tube to lower positions (the case of P7-bottom). The corresponding streamlines and
velocity fields that are shown in Figure 8 confirm that during the time period (t = 8 h), the
shift of tube positions from their reference positions in the case of P-7 only further boost
the heat transport by convection in the liquid PCM. For example, moving the positions of
HTF tubes to the bottom (P7-bottom) drives the velocity vectors to show faster movement
with the formation of multiple rotating cells at the top of the domain. This helps the rotat-
ing cells to look more crowded, indicating evolution of a relatively stronger convection
role which gradually decreases when moving to the bottom, as can be seen in Figure 8
when comparing the cases of P7-mid, P7-top, and P7-bottom to the base case of P7.

284 288 292 296 300 304 308 312 316

P7-top P7-bottom p7 P7-mid P7-top P7-bottom
After4h After 8h
P7-top P7-bottom p7 P7-mid P7-top P7-bottom
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After 12 h After 16 h

Figure 7. Contours of the temperature distribution for the studied tube arrangements over different durations of PCM
solidification.

veoiy ey IS

-2E-05 -14E-05 -8E-06 -2E-06

Streamlines Velocity Streamlines Velocity Streamlines Velocity Streamlines Velocity

Figure 8. Contours of the velocity field and streamlines for the studied tube arrangements after 8 h of PCM solidification.

Figures 9 and 10 compare the time histories for liquid-fraction evolution and average
temperature behavior in the cases of P-7, P7-mid, P7-top, and P7-bottom, respectively. As
seen in Figure 9, maintaining a uniform distribution of HTF tubes in the case of P-7 typi-
cally provides better heat removal from the PCM. Meanwhile, decreasing the distances
between tubes (P7-mid) or moving the tube positions up (P7-top) or down (P7-bottom)
will affect the potential of HTF tubes to maintain good heat removal rates from the PCM.
However, the lowest removal rate is recorded in the case of P7-bottom due to the high
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convection rates in the upper part of the domain, which leads to relatively lower solidifi-
cation rates. Data from Table 3 also confirm that changing the uniform distribution of the
tubes reduces the heat removal rate from 52.89 W to 14.85 W, 22.05 W, and 24.55 W when
the tube placements are altered to be clustered at the bottom, mid, or top of the domain,
respectively. This results in a 72, 58, and 54% drop in the heat removal rate, respectively.

The data in Figure 10 show that applying a uniform distribution of tubes helps to
maintain the PCM temperature lower throughout the solidification process. Changing the
tube placements does not introduce a significant improvement in the PCM temperature
behavior for the early duration (i.e., for t < 35,000 s) of solidification. The average temper-
ature reaches its minimal value in a relatively shorter period when the distribution of the
tubes is kept as uniform as that in the case of P-7 compared to other cases. However, the
temperature behavior curves for later durations (t > 35,000 s) feature noticeable inflection
points where the average PCM temperature appears to be significantly declined after this
point in all cases except the base case of P-7. The reason is that the convective heat transfer
during the final duration has a limited ability to accelerate the solidification of residual
PCM after the inflection point. It should be noted that the heat removed by convection
during the early periods is later stored as sensible heat in the unsolidified parts of PCM,
resulting in a quick fall in the PCM average temperature after the inflection point, as seen
in Figure 10. So, the inflection point can directly measure the solidifying performance, and
the lower the average PCM temperature at the inflection point, the faster the solidifying
rate.
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Figure 9. The time-wise liquid-fraction evolution profiles for the PCM solidification with different
tube arrangements.

Table 3. The heat removal rate during the PCM solidification with different tube arrangements.

Cases P7 P7-Bottom P7-Mid P7-Top
The heat removal rate after 16 h (watt) 52.89 14.850 22.051 24.545
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Figure 10. The time-wise average temperature profiles for the PCM solidification with different tube
arrangements.

5.2. Optimization of the Tube Placement

According to the results of Section 5.1, the rates of natural convection in the top por-
tions of the PCM domain are much higher than those in the bottom portions. As a result,
a greater proportion of the remaining liquid PCM collects near the top. Moving the tube
set closer to the top wall is the remedy to resolve the issue suggested in this section. The
thermal performance of PCM is therefore examined with three tube arrangements. These
arrangements are: P7 (the base arrangement), P7-1 (the arrangement where the tube set is
moved closer to the top wall), and P7-2 (the arrangement where the tube set is stacked to
the top wall). Figure 11 shows the contours of the liquid fraction at t=4, 8, 12 and 16 h. It
can be observed that for the three cases of P7, P7-1, and P7-2, the solidification is highly
nonuniform; hence, more liquid PCM remains at the top due to the strong role of natural
convection in this zone. Meanwhile, the size of the solidified layers (blue zones) looks
almost the same among the three cases. However, as time passes, the solidifying fraction
at the top portion slightly increases in the case of P7-1 compared to the other cases. The
good tube placement of this case provides better heat diffusion through the PCM; thus, a
faster discharging rate is achieved. As shown in Table 4, changing the arrangement of the
tubes in the top portion increases the heat removal rate from 61.76 W to 68.75 W, and 67.75
W when the tube placement is altered from the base case (P7) to the new cases (P7-1 and
P7-2), respectively. This results in a 10 and 12% increase in the heat removal rate, respec-
tively. Table 4 also shows that the solidifying time is reduced from 110,775 s to 99,304 s
and 100,488 s to provide time savings of about 11% and 9% when the tube placement is
altered from the base case (P7) to the new cases (P7-1 and P7-2), respectively. This indi-
cates that the tube arrangement of P7-1 is the optimum between the cases of uniform tube
distribution.
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Figure 11. Contours of the liquid fraction for the three different uniform tube arrangements over
different solidification durations.

Table 4. The heat removal rate and solidifying time for different uniform tube arrangements.

Cases P7 P7-1 P7-2
Heat removal rate (W) 61.76 68.75 67.75
Solidifying time (s) 110,775 99,304 100,488

Figure 12 shows the isotherm contours for the three cases of P7, P7-1, and P7-2 along
the time durations of t = 4, 8, 12 and 16 h. A significant variance in the color of the iso-
therms is noted; hence, the heat conduction dominates the heat transfer process during
the earlier stage of solidification (t =4 h). As time passed to t =12 and 16 h, the isotherms



Energies 2021, 14, 7489

16 of 24

seem to be almost uniform in color across all parts of the domain, especially in the case of
P7-1 as compared to other cases. This color uniformity is a sign of mitigating the effects of
natural convection due to the modification conducted in the tube arrangement at the top
portion. Therefore, moving the multiple HTF tubes closer to the top wall does inspire the
PCM parts to solidify faster than that in the base case of P7. The corresponding streamlines
and velocity fields shown in Figure 13 confirm that during the time period (t = 8 h), the
little shift of tube positions up from their reference positions in the case of P-7 can further
boost the heat removal process to be less convection dominated in the domain’s upper
portions. For example, moving the placements of the HTF tubes closer to the top wall, as
in the case of (P7-1), causes the PCM molecules to move at lower velocities, resulting in
the development of smaller rotating cells at the top of the domain. This makes the rotating
cells appear larger and less crowded, indicating the evolution of such a relatively smaller
convection role as moving to the top, as can be seen in Figure 13 when comparing the
cases of P7-1 and P7-2 to the base case of P7.
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Figure 12. Contours of the temperature distribution for the three different uniform tube arrange-
ments over different solidification durations.
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Figure 13. Contours of the velocity field and streamlines for the three different uniform tube ar-
rangements after 8 h of PCM solidification.

5.3. Impact of the Inlet HTF Temperature

The impact of varying the inlet HTF temperature is examined considering the base
case of uniform distribution (P-7). In this analysis, three temperatures of the HTF, namely
THTF =10, 15, and 20 °C, are considered so that the new cases are referred to as P7-10, P7-
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15, and P7-20. The liquid-fraction evolution and isotherm distribution over two durations
(t=8 and 16 h) for the cases of P7-10, P7-15, and P7-20 are illustrated in Figures 14 and 15,
respectively. Over the 8 h running process, the generated solid layers (blue zones in Figure
13) grow faster as the HTF temperature declines. This effect is more noticeable at the lower
sections of the domain due to the relatively higher heat removal rates by heat conduction.
This is due to the fact that when a greater HTF temperature is employed, the temperature
difference relative to the PCM solidification point drops significantly. The corresponding
isotherms in Figure 15 look similar to each other near the bottom of the domain. This helps
increase heat removal rate and improve overall storage performance of the system during
the subsequent duration.

After 16 h of solidification, the majority of the PCM in the case of P-7 is solidified,
with only a small portion remaining uncodified at the top of the domain due to the
stronger buoyancy effect in this zone. However, the temperature distribution in the case
of P7-10 tends to be more even compared to the other two cases, except at some areas at
the top due to the still-effective role of natural convection, as stated above. This implies
that the temperature field is affected more by conduction than by natural convection if
lower HTF temperatures are employed. Therefore, the temperature difference between
the tube walls and the solidification temperature point is the primary driving force for the
heat removal process. This results in more uniform temperature distribution during so-
lidification and improved thermal diffusion across major parts of the PCM domain. This
scenario is more clearly seen in the cases of P7-15 and P7-20, which represent HTF tem-
peratures of 15 and 20 degrees Celsius, respectively.

Liquid Fraction: 0 0.1 02 03 04 05 06 07 08 09 1
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VR VR ¥
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Figure 14. Contours of the liquid fraction for the base case of uniform tube arrangement at three
different HTF temperatures.
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Figure 15. Contours of the liquid fraction for the base case of uniform tube arrangement at three
different HTF temperatures.

Figure 16 compares the effect of increasing the inlet HTF temperature on the transient
evolution of the liquid fraction and average PCM temperature profile for P7-10, P7-15,
and P7-20, which correspond to THTF = 10, 15, and 20 °C, respectively. Data from this
figure indicate that as lower HTF temperatures are employed, the value of the liquid frac-
tion and the average PCM temperature linearly increases. So, decreasing the HTF temper-
ature, in other words, promotes a higher cooling impact on the PCM side. This is primarily
because using a colder HTF allows for a faster solidification rate of PCM. This trend ap-
pears to be more obvious as the process comes closer to the completion of solidification.
As explained earlier, the contribution of conduction in the heat removal process becomes
more effective and dominating over the contribution of natural convection within the final
duration (t > 60,000 s) of solidification. Data from Table 5 show that a PCM with an HTF
temperature of 10 °C solidifies at a rate of 52.89 W, but this rate declines to 48.91 and 40.36
W at THTF = 15 and 20 °C, respectively. Therefore, when the HTF temperature is de-
creased from 20 to 15 and 10 °C, the heat removal rate can be increased by around 21%
and 32%, respectively.
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Figure 16. The time-wise liquid fraction (a) and average temperature profiles (b) for the PCM solidification with uniform
tube arrangement at three different HTF temperatures.

Table 5. The heat removal rate during the PCM solidification with uniform tube arrangement at
three different HTF temperatures.

Cases P7-10 P7-15 P7-20
Heat removal rate after 16 h (watt) 52.89 48.91 40.36

6. Conclusions

A geometrical model of an LHTES system cooled by HTF channels was analytically
examined. The design of the LHTES contained seven HTF channels distributed in differ-
ent locations in the system for different cases, including uniform distribution of the tubes
as well as non-uniform distribution, i.e., tubes concentrated at the bottom, middle, and
the top part of the shell. The effect of the channels’ positions on the solidification process
in the LHTES system was referred to, utilizing the development of the solid part, solidifi-
cation maps, streamlines, and isotherms. It should be stated that such an enhancement is
achieved without extra costs, since no extra material should be used in the manufacture
of an LHTES system. Changing the uniform distribution of the tubes reduces the heat
removal rate from 52.89 W to 14.85 W, 22.05 W, and 24.55 W when the tube placements
are altered to be clustered at the bottom, middle, or top of the domain, respectively. The
solidifying time is reduced from 110,775 s to 99,304 s and 100,488 s to provide time savings
of about 11% and 9% when the tube placement is altered from the base case (P7) to the
new cases (P7-1 and P7-2), respectively. The heat removal decreases with increasing the
inlet temperature of the HTF, whereas it reduces by 7.5%, and 23.7% when the inlet tem-
perature of the HTF increases from 10 °C to 15 °C and 20 °C, respectively. The current
work states that special attention should be paid to the arrangement of the tubes as it
enhances the discharging process focusing natural convection effect in TES. The distance
between the channels could be an additional important geometrical factor, as it essentially
could control initial solidified regions and the interface of general movement flows. The
study of the space between the channels could be a topic for future studies.
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Nomenclature
Apn The mushy zone constant u Velocity component in x direction (m/s)
C Inertial coefficient v Velocity component in y direction (m/s)
Gy PCM specific heat (J/kgK) V Velocity vector (m/s)
D Pipe diameter (mm) x x direction
g Gravitational acceleration (m/s?) y y direction
K thermal conductivity (W/mK)
Ls Latent heat of fusion (J/kg) Greek Symbols
H Total entalhpy (mm) B Thermal expansion coefficient (1/K)
h Sensible heat entalhpy (mm) A Liquid fraction
m PCM mass (kg) u Dynamic viscosity (kg/ms)
P Pressure (Pa) p Density (kg/m?)
0 Solidification rate (J) AH Latent heat entalhpy (mm)
tm Solidification time (s) Subscripts
T Temperature (K) m Melting
T Melting point temperature (K) L Liquid
S Solid
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