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Abstract

In this study, the effect of fin number and size on the solidification output of a
double-tube container filled with phase change material (PCM) was analyzed
numerically. By altering the fins' dimensions, the PCM's heat transfer
performance is examined and compared to finless scenarios. To attain optimal
performance, multiple inline configurations are explored. In addition, the
initial conditions of the heat transfer fluid (HTF), including temperature and
Reynolds number, are considered in the analysis. The research results show a
significant impact of longer fins with higher numbers on improving the
solidification rate of PCM. The solidification rate increases by 67%, 170%,
308%, and 370% for cases with 4, 9, 15, and 19 fins, respectively, all with the
same fin length and initial HTF boundary condition. The best case results in a
solidification time that is 4.45 times shorter compared to other fin number and
dimension scenarios. The study also found that moving from Reynolds
numbers 500 to 1000 and 2000 reduced discharging times by 12.9% and 22%,
respectively, and increased heat recovery rates by 14.4% and 27.9%. When the
HTF entrance temperature was 10°C and 15°C, the coolant temperature
showed that the entire discharging time decreased by 37.5% and 23.1% relative

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

2552 wileyonlinelibrary.com/journal/ese3

Energy Sci Eng. 2023;11:2552-2570.


http://orcid.org/0000-0003-3647-3849
http://orcid.org/0000-0001-5947-8701
mailto:a.bahlekeh@hotmail.com
mailto:pouyan.talebizadehsardari@brunel.ac.uk
mailto:pouyan.talebizadehsardari@brunel.ac.uk
mailto:ptsardari@gmail.com
https://onlinelibrary.wiley.com/journal/20500505
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fese3.1473&domain=pdf&date_stamp=2023-05-09

BAHLEKEH ET AL.

KEYWORDS

1 | INTRODUCTION

Since the world is running out of fossil fuel resources,
governments, municipalities, and policymakers tend to
bring forward novel renewable-based energy systems to
tackle the problem of greenhouse gas emissions from
burning fossil fuels and supplying the required energy for
buildings." In this regard, renewable-based energy
systems need to be developed.*> However, such systems
mainly suffer from intrinsic flaws, including intermit-
tency and low thermal efficiency.”” To address this
problem, energy storage mechanisms such as batteries,*’
chemical storage,'®'' pumped hydropower,'? thermal
energy storage (TES),"*'* and so forth, are being
developed. More to the point, using energy storage
mechanisms makes the energy systems reliable by
quickly responding to impulsive fluctuations in power
and supply needs and alleviating the secondary backup
power plants.'®> Since each energy storage mechanism
has merits, the use of TES has been more widespread
among all for engineering problems. This is due to their
intrinsic features such as fair cost-effectiveness, clean-
ness, capability to rapidly offset the energy gap and
flexibility in integrating any energy systems.'® TES units
typically consist of phase change transition substances
encompassed in a tank and are supposed to store the
extra thermal energy of the system when the source of
renewable energy exists and then transfer the stored heat
to the system when the source of energy vanishes.'” In
this mechanism, the heat can be stored in these three
forms sensible heat, latent heat, and thermochemical
process. Latent heat storage (LHS) is highly preferred due
to its higher energy density.'"® One of the most valuable
applications of TES units is in double/triple pipe heat
exchangers where they are employed to save the heat
during daytime and release it during the nighttime or
cloudy weather when the solar energy disappears. This
latent heat is stored in a phase change substance which is
well-known as phase change material (PCM)."**° LHS
superiority in energy density and temperature stability
over sensible heat storage makes it a better fit for
applications requiring ample energy storage and consist-
ent temperatures over long periods. One such use is in

to the solidification time when the initial temperature was 20°C. Generally,
this work highlights that increasing the length and number of fins enhances
thermal efficiency and the phase change process.

circular fins, double-pipe heat exchanger, optimum fin spacing, phase change materials,
solidification, thermal energy storage

TES systems of solar thermal power plants, where LHS
enables efficient storage of large amounts of solar energy
during the day for use in generating electricity at night or
during low solar radiation.”!

Although PCMs have engaged the researcher's inter-
est, they regularly suffer from low thermal conductivity
and low thermal diffusion rates, prohibiting their wide-
spread usage.*” To solve this problem, scholars have been
examining different techniques such as nanoparticle
distribution within the heat transfer fluid (HTF),****
channel modification,>*® the use of extended sur-
faces,””*® and composite PCMs***° to improve thermo-
physical properties of the PCM.*' For this issue, Khajuria
et al.’* examined the effect of channel geometry on the
heat transfer enhancement of a specific type of bio-PCM
(honeybee wax) as a heat storage medium encompassed
in the double pipe heat exchanger. They provided the
20 x 40 mm vertical eccentricity with upward and down-
ward directions to the inner side of the heat exchanger
tube to see the heat transfer behavior. According to their
results, downward eccentricity enhances the charging
rate of the bio-PCM; however, it prolongs the discharge
process. On the other hand, upward eccentricity declines
the charge/discharge rates as opposed to the concentric
inner tube case. Fallah Najafabadi et al.** considered a
concentric double pipe heat exchanger with helical coils,
which circulates the turbulent HTF flows, and RT-50 as a
PCM preserved in an annulus shape tanker. They also
simulated the heat exchanger in a three-dimensional
(3D) model and employed K-epsilon turbulent model to
compute the Reynolds stress value. Their study aimed to
consider the effect of critical geometrical parameters like
helical pitch and inner/outer pipe diameter. According to
their achievements, the helical pitch does not signifi-
cantly influence the melting/solidification process, while
the inner pipe diameter positively affects the melting
behavior. Another helpful technique that can make up
for the low thermal conductivity of PCMs is the use of
nanoparticles. In this regard, Ho et al.** employed
aluminum oxide as a nanoparticle dispersed within the
PCM tanker placed in a concentric double pipe duct to
enhance the heat storage rate of the PCM. They reported
that aluminum oxide was capable of increasing the heat
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storage capacity. Similar results were reported regarding
nanoparticle dispersion within the base fluid.**>*¢
Another viable approach by which the natural
convection effect is improved in a latent heat energy
storage system is the implementation of fins within the
PCM container. In this context, Passaro et al.” investi-
gated a double-pipe heat exchanger equipped with PCM
and fins. Their study was performed in a 3D state, and
the heat flow was also considered transient and turbu-
lent. Paraffin wax, in which graphene nanoplatelets were
inserted, was also considered a phase-changing transition
substance stored in a tank. In their study, parameters
such as paraffin wax thermal properties, fin pitch and
nanoparticle distribution within the HTF were employed
to improve the discharge heat transfer rate. They
concluded that the discharge rate of a finned tube heat
exchanger with a well-suited fin pitch is superior to the
case with nanoparticle distribution. In a similar study,
Abidi et al.*® employed calcium chloride hexahydrate
(CaCl,-6H,0) as a nano-PCM, in which graphene
nanoparticles were spread in a finned double tube heat
exchanger to improve the nano-PCM charge and
discharge rate. They also found that fin length signifi-
cantly impacts the melting and solidification process.
According to their findings, an increase in fin length
causes more uniform heat distribution leading to
uniform charge and discharge rate. Sanchouli et al.*
carried out to improve the thermal efficiency of a double
pipe heat exchanger equipped with a specific type of
PCM. For this purpose, they employed novel grid annular
fins containing straight and circular strip elements on the
inner tube side of the heat exchanger and compared their
results with primary annular fins. They found that the
geometrical features of the fins, like fin spacing and
pitch, directly impact the amount of thermal energy
stored by the PCM. According to their results, the
substitution of novel grid annular fins could increase the
heat storage capacity of the PCM by 69% at most,
compared with conventional annular fins. In line with
the strategy mentioned above, fin configuration is
essential for a superior heat transfer rate to the PCM.
In this regard, Singh et al.** experimentally investigated
the effect of V-shaped twisted tape inserted on a double-
pipe heat exchanger equipped with PCM and nano-
particle distribution. Their study aimed to determine the
effect of geometrical parameters of twisted tape, such as
twist ratio, depth ratio, and width ratio, on the heat
transfer augmentation, entropy generation, and melting/
solidification rate of the PCM. They found that the
simultaneous decrease in twisting ratio and increase in
particle concentration would considerably enhance the
heat transfer rate to the PCM and heat storage capacity.
They also reported that nanoparticles are likely to

increase the entropy generation compared to the case
when no nanoparticle is involved. Yan et al.* investi-
gated the effect of V-shaped fin structure parameters
such as angle, length, number, and their alignments on
the heat storage capacity of the PCM. In their study, 17
V-shaped configurations were taken into account, and
the response surface method was used to reach the
optimum state of the art configuration. According to the
results, the V-shaped structure has improved the melting
rate of the upper part corner due to better natural
convection. Also, it was reported that the melting time of
the lower part of the PCM container where no fin is
added took 62.5% of the total melting time, while the
upper part contacting V-shaped fins only allocated 37.5%
of the total melting time. Similarly, Deng et al.** put
efforts into optimizing the fin layout in a double-pipe
heat exchanger equipped with PCM. They also compared
no fins, straight fins, angled fins, lower fins, and upper
fins cases to introduce the optimum design based on the
Reynolds and Nusselt numbers. According to their
findings, the best layout for when the Nusselt number
is less than 6 is the lower fin case, while, for values
greater than 6, an angled fin structure is the best
approach. Baba et al.** experimentally investigated the
amount of forced convection heat transfer enhancement
due to adding internal longitudinal fins within the tube
channel. They found the use of a finned tube heat
exchanger. However, it increases the heat storage
capacity. This enhances the natural convection effects
and poses a higher pressure drop and friction factor due
to creating higher resistance to the flow, compared with a
plain tube heat exchanger. Also, there are other studies
addressing the effects of fin configuration on the heat
transfer rate and melting/solidification process of a
double pipe heat exchanger that released similar
reports.***>

As mentioned in the literature review, there are
several studies on the effect of fin arrangement in double
pipe heat storage systems. However, since the literature
covers and to the best of the author's knowledge, most
studies have outlined the effect of high conductivity
surfaces on the PCM melting process. At the same time,
less effort was performed with a focus on the solidifica-
tion process. The effect of geometrical parameters of the
extended surfaces on natural convection is not only
limited to pitch length but also they have a reciprocal
relationship with velocity, Reynolds, and Nusselt num-
bers, which has not yet been fully addressed. Thus, this
paper investigates the effect of full geometrical parame-
ters of circular fins and the state of the art layout of the
best case, along with sensitivity analysis. For this
purpose, a comprehensive evaluation on the performance
of a vertical finned double-pipe LHS system is performed
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during the solidification process The unique feature of
this study is that the total volume of the fins is considered
constant in addition to the volume of the PCM so that
various configurations can be compared meaningfully
based on heat transfer enhancement capability and
storage capcity. For this purpose, the length to width
ratio of the fins is changed based on the length and
number of the fins. It should be noted that the array of
the fins is targeted in a double pipe heat exchanger as one
of the most applicable heat exchangers in industries.

2 | PROBLEM DESCRIPTION

The optimum productivity during the discharge process
is determined in this inquiry by analyzing a vertical
double tube latent heat system (DTLHS) thermal
exchanger with rectangular fins, as illustrated in
Figure 1A. Once the coolant (water) is passed through
the unit from the inner tube, the PCM starts the
solidification process in the outer tube. The extended
surfaces (fins) are connected to the internal tube within a
PCM region to deliver energy from the PCM to the
coolant. The DTLHS unit has an inner and outer radius
of 10 and 20 mm, respectively, and a height of 250 mm.
In fact, for the fixed space for the thermal exchanger and
PCM, the physical properties of the fins are evaluated for
the improvement procedure while taking a fixed volume
for the fins. The fins' dimensions and numbers are
measured concerning their physical features. Since the
volume of the fins is fixed and based on the physical
dimensions, the surface area is related to the length of
the fin more than the width, so the assessments in this
research were carried out using the fin's length. A
sensitivity evaluation is likewise achieved for the

(A)

FIGURE 1 The schematic of the system in
(A) three-dimensional (3D) and (B) 2D
axisymmetric model.

operating fluid's properties, such as temperature and
flow rate, presented by Reynolds number, in parallel with
the physical dimensions. It is emphasized that the
numerical model is thought to be axisymmetric because
of the structure under study and the absence of circular
flow, as shown in Figure 1B, which also shows the
volume of the domain.

2.1 | Boundary and initial conditions
Operating fluid has a consistent initial velocity and
temperature. The outlet for the HTF may additionally
have a pressure outlet. An adiabatic boundary condition
is selected for the PCM enclosure to counteract environ-
mental effects. Copper describes the middle wall
separating the PCM from the working fluid. The central
wall is 2-mm thick since the inner and outer tubes are 1-
mm thick. For the walls, the no-slip boundary require-
ment is also taken into account. The PCM and HTF's
initial temperatures are 50°C and 20°C. The temperature
of the HTF is selected based on the phase change
temperature of the PCM and is kept 1°C lower than the
critical temperature of the PCM.

2.2 | Geometrical parameters and
materials’ properties

Considering nine fins, three distinct lengths for the fins
(5, 10, and 15 mm) are selected. The volume of the fins
remained constant throughout the study, as demon-
strated by the adjustment of the thickness of the fins
when the length increased from 5 to 10 and 15 mm. This
ensures that the volume of the PCM remains consistent,

250 mm
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TABLE 1 Thermodynamic characteristics of the applied PCM
(RT35).%°

Properties Values

o 770 kg/m®

o) 860 kg/m?

C, 170 kJ/kg K

Ly 2kJ/kg

K 0.2W/mK
0.023 N's/m>

T 36°C

Ts 29°C

8 0.0006 K™*

Abbreviation: PCM, phase change material.

providing a controlled environment for the examination
of the effects of fin length on the performance of the TES
system. After analyzing the impact of the fin's length,
various values of 4, 9, 15, and 19 mm are explored. Re and
coolant input temperature are taken into account when
analyzing the parameters of the fin; they are 1000 and 15,
respectively. The working fluid, considered water, is
finally selected for the optimistic outcome using various
Re of 500, 1000, and 2000 and varied input temperatures
of 10°C, 15°C, and 20°C. It should be mentioned that
depending on the water's entry temperature, the proper-
ties of the water alter.

RT35 was chosen as the PCM in this study, and
Table 1 shows the characteristics. RT35 is a suitable PCM
for solar energy applications as well as for building
HVAC systems. In solar systems, the temperature of the
working fluid in a collector can reach 35-40°C or even
higher, which can be then stored in the storage system
with RT35 PCM. In building applications such as
underfloor heating systems, the working fluid tempera-
ture is in the range of 30-40°C. Furthermore, the thermal
storage unit with RT35 PCM can be used to preheat the
water temperature in other building heating systems
such as radiators.

3 | MATHEMATICAL MODELING

The enthalpy approach developed by Brent et al.***” was
used to depict the PCM phase change process. In this
method, it was presumed that the liquid portion would
cover every cell in the computational field upon startup.
To formulate a numerical solution, the following
statements are suggested*®*:

1. Considering the density difference by applying the
Boussinesq approximation.

2. 2D axisymmetric method for the computational field.

3. Transient, laminar, and incompressible fluid flow for
the liquid PCM and HTF.

4. Applying gravity in the downward direction.

5. No velocity slips at solid boundaries.

Thus, the continuity, momentum, and energy are
given as™:

op

L 4+v.pV =0, 1
o P 1

ov . . .

4+ o(V-V)V = =VP + u(V3*V
P p( ) u(V3V) @

— PB(T — Tp)g — S,
pCpoT _

— V(eC,V T) = V(kVT) — 5. Q3)

The parameter (§) in Equation (2) is included in
calculating the effect of phase change on momentum,
as’:

=27 5

S=4 "4
" 23 + 0.001

)
The factor of the mushy area A, is set as 10°,
depending on the literature.’>> To assess the phase

transition progression, A (fluid part of PCM) is revealed
54
as™™":

0 if T<Ts

AH ;
1= —J1 if T> i3 . (5)
Ly =% if i< T< T,
T.—Ts

The source term S, in the energy method is defined
as:

p@/lLf —
The heat stored rate is measured as:

Ep = ——=, @)

where {,, is the charging time and E, and E; are the whole
PCM's energy at the melting process's start and
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endpoints. E is the total heat and MC,dT is sensible and
MLy is the latent cases of the PCM.

4 | NUMERICAL MODEL

To analyze the heat transfer efficiency of the PCM
system, numerical simulations were run using
the FLUENT software and a simple algorithm. The
author's early work revealed further specifics of
the numerical procedure. Software called ANSYS
Designmodeler was used to create the mesh. This
research ought to be carried out in advance of the
primary research to ensure the problem's indepen-
dence from the mesh size and time step size. Several
mesh sizes of 0.1, 0.2, and 0.4mm are initially
considered. The findings of the comparison between
the solidification time and heat recovery rate are
shown in Table 2. The findings are virtually identical,
as demonstrated, and the variation is negligible. The
mesh size of 0.2 mm is therefore chosen for further
study because there is hardly any variation between
the sizes of 0.1 and 0.2 mm. Table 2 investigates the
difference in a time step. As can be seen, the outcomes
for time-step values of 0.05 and 0.1s are nearly
identical; hence, 0.1 s was selected as the time-step
value.

The current findings are validated with the
experimental assessment of Al-Abidi et al.>> during
solidification. They looked at the PCM temperature
profile in a triple-pipe PCM-based cooling system
with fins running its length. Four fins were added to
the inner and outer tubes in the PCM domain (eight
fins in total) in the staggered configuration to improve
the heat transfer. The inner and outer diameters of
the pipe were 25.4 and 75 mm, respectively. The total
mass of the PCM was 5.6kg. To determine the
temperature in various places, 15 thermocouples were
used to capture the temperature of the entire domain.
The research work and those presented by Al-Abidi
et al.>®> have an excellent correlation, as shown in
Figure 2, which displays the average thermal gradient.
Compared to the empirical observations, the
current model successfully forecasts the discharging
phenomenon.

TABLE 2 Mesh and time step size analysis.
Mesh size (mm) 0.1 0.2 0.4
Time step size 0.1 0.05s 0.1s 02s 0.1
Solidification time (s) 5865 5872 5884 5674 5726

Heat recovery rate (W) 28.88 2891 29.03 30 29.81

(@ | 2557
ScCli
373
< 10l
s 263 | mm——— Present study
E 3
= -\ . qe
g R’ v Al-Abidi et al [63]
3 \,
233k N\
) .
z | g <Y v
% 343} T~—Yo_ vy
£ |
33 10 20 30 40

Time (minutes)

FIGURE 2 Code verification during the solidification process
using the experimental study of Al-Abidi et al.>

5 | RESULTS AND DISCUSSIONS

In the present study, many effective characteristics were
considered to evaluate the impact of utilizing fins to
improve PCM solidification. The impact of the fins'
presence was explored by comparing the performance of
the TES system with fins to a system with no fins.

5.1 | Effect of fin height

Figure 3A compares the solidification processes of the
systems without and with fins at various dimensions (the
number and the size of the fins are constant for all the
cases). In the first row of Figure 3A, the solidification of
the HTF without fins is displayed during a range of time
increments from 300 to 5400s. The PCM solid compo-
nent was initially generated beside the HTF wall. As the
domain solidified, it was discovered that the bottom-
made PCM solid section was larger than the top-created
PCM solid portion due to the buoyancy and gravity force.
It is apparent that the solid phase layer of PCM has
gotten thicker and thicker over time. The efficiency of the
solidification process is improved by adding fins to the
TES unit by expanding the heat transfer surface area and
the effective thermal conductivity since the metal fins'
thermal conductivity is greater than the PCMs. The PCM
solid section grows initially, taking on the form of a fin.
Due to the presence of fins, PCM that is in close enough
proximity to or in direct touch with fins solidifies more
quickly. The actual heat conduction between the fins and
the PCM transitions into the direct heat conduction of

85US017 SUOWILLID BAIFeR1D) 3|edlidde au Aq peusenob e ssjoe YO ‘Bsh 0 S3InJ 10y AReiq1 8UIIUO 8|1 U (SUORIPUOD-PUR-SLUBY /W00 A3 | 1M Afe.q 1 BUI|UO//STNY) SUOHIPUOD PUe SWi L 8U3 88S *[7202/90/50] Uo Ariqiauliuo A8 |im AiseAlun punig Aq €241 €859/200T 0T/I0P/W00" A3 1M Afeiq 1 pUI|UO//SHNY WO} papeo|uMoq ‘. ‘€202 ‘G0S00502



BAHLEKEH ET AL.
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FIGURE 3 (A) Liquid fraction and (B) temperature distributions of the phase change material for various fin lengths at different time
steps.
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the solidified PCM to the non-solidified section as the
solid phase layer of the PCM, however, becomes thicker
and thicker over time. During this step, the solidification
process slows down because most of the heat transfer
during solidification is produced by the temperature
differential between the liquid PCM and the solid PCM.
Generally, the results found that the increase in PCM
solid section gradually from the bottom side towards the
top side with an increase in the period for all the cases.
Different heights of fins (H=5mm, H=10mm, and
H=15mm) were utilized to evaluate the impact of
solidification processes. As fin height increases, heat
transfer surface area increases, transferring more heat
from the PCM section zone. Compared to other cases, the
PCM solid rate variation rate was larger at H=15 mm,
indicating that the solidification rate occurred more
quickly due to the enlarged heat transfer surface area.

Figure 3B shows the temperature counter for the
cases with and without fins at different dimensions (the
number and size of the fins are the same for all the cases)
and at various times. The findings for the case without
fins indicated that the PCM's temperature drops close to
the wall, and the reduction temperature enlarges
gradually. In contrast, the temperature of PCM remains
higher than the HTF temperature. It is, therefore, unable
to obtain thermal equilibrium even in the area close to
the wall where it is solid. Since the fins operate as heat
transfer bridges, transferring heat from the PCM to the
HTF, and because they remain lower and higher than the
PCM and the HTF, the fins never reach thermal
equilibrium with the HTF at 5400s for all the fins
involved scenarios. Thermal conduction and buoyancy
influence caused the PCM temperature to be greater at
the top than at the bottom. It could be observed that the
height of the fin has an impact factor in reducing the
time needed for complete solidification.

The velocity counter for four cases, including without
fins and three different size fins (H = 5, 10, 15 mm) at the
time of 1800 s, are presented in Figure 4A. For the case of
no fins, the solidification PCM at the wall rises because of
the difference in density between the liquid and the solid
phases of the natural convection, which produces
through the solidification process. The values of velo-
cities at the solid region of PCM at the wall are about
zero due to no flow moving at this region. However, far
from this region, gradually, there are increases in the
velocities and the maximum velocity seen between the
solidification region of PCM and the liquid phase of PCM
due to gradient temperature, which leads to heat transfer
to create the solidification region. When adding fins, the
solidification region of PCM increases more than without
fin; hence the velocity near to wall is zero, and the region
of gradient velocity increase with the decreased height of

fins. Also, the results refer to minimum gradient velocity
observed with height fin =15mm compared to other
cases with and without fins. Furthermore, the velocity
vectors during the solidification processes of the systems
with fins at different lengths (H=5mm, H =10 mm,
H=15mm) at the time of 1800 are displayed in
Figure 4B. The results showed that the effect of the fins
on velocity vectors and streamline around the fins where
recirculation flow observed between every two fins due to
solidification processes around the fins results in a
difference in temperature between liquid and solid pages
of PCM.

Figure 5A clarifies the development of the PCM's
liquid fraction for different fins length cases and the
finless case during the solicitation process. The trends of
decrease in the liquid fraction of PCM are provided with
the time of complete solidification (liquid fraction equals
0) could be observed and compared in this figure. The
outcomes determine that the solidification process was
completed faster (short time) with fins compared to the
case without fins. Furthermore, the PCM's temperature
profile for different fins length cases and the finless case
during the solidification process are given in Figure 5B. It
can be seen that it suddenly decreases at the initial stage
of the solidification process due to the convection heat
transfer generated in the liquid of PCM. The maximum
temperature discloses that the solidification process
happened initially, and the minimum temperature refers
to developing complete solidification of PCM. The results
detected that reducing the required time for completing
the solidification process of PCM due to adding fins and
the shorter time for the solidification process occurred at
the length of fins H =15 mm compared with other cases.

Table 3 presents the time of the PCM's solidification
process for different fins length cases and the finless case.
Note that the results of all proposed cases are presented
in Table 2, which is discussed later. The results
confirmed that the system's thermal performance rises
as the system's height increases, and having fins (15 mm)
shows the best argument concerning short time com-
pared to all other cases. The primary heat transfer surface
area for the most extended fins and heat delivery to the
PCM's deepest section is responsible for this achieve-
ment. According to Table 3, the optimum case for the
solidification time of 95% of the PCM is 97 min. This time
is less than the cases with 5 and 10 mm fins and cases
without fins by 80%, 65%, and 56%, respectively. The heat
recovery rate for the case with the most extended fins is
27.66 W, which is greater than the cases without fins,
with fins extending 5 and 10 mm, respectively, by 10.23,
13.25, and 18.48 W. The main objective from these results
represented by using the most extended fins increases the
system's average thermal conductivity while enhancing
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exchange surface area and the amount of heat delivered
to the PCM domain.

5.2 | Effect of fin's number

Figure 6A demonstrates the impact of varying the
number of fins (4, 9, 15, and 19 fins) on the
solidification process while keeping the same volume
of the fins in all cases. The solidification process
begins along the wall and around the fins and
increases due to discharging process of the PCM.
The liquid PCM gradually diminishes over time as it
divides into a liquid portion between every pair of fins
for several fins (4 and 9) and a time of 5400s.

However, this behavior is different at the number of
fins (15 and 19) and time of 5400 s, where the liquid
portion between every pair of fins becomes very small
with fins (15) and disappears with fins (19). All cases
demonstrate the same behavior pattern, which begins
with a small layer of the solid PCM and then gradually
increases along the wall and around the fins. The
arrangement of the fins influences the PCM's dis-
charging process at a uniform distance in two ways:
first, the heat transmission to the PCM is more
uniform; second, the lower and upper fins are located
closer to the highest and lowest portions of the
domain. Due to the effect of natural convection, the
portion of unmelted PCM is higher at the top of the
domain rather than that at the bottom. In addition,

85US017 SUOWILLID BAIFeR1D) 3|edlidde au Aq peusenob e ssjoe YO ‘Bsh 0 S3InJ 10y AReiq1 8UIIUO 8|1 U (SUORIPUOD-PUR-SLUBY /W00 A3 | 1M Afe.q 1 BUI|UO//STNY) SUOHIPUOD PUe SWi L 8U3 88S *[7202/90/50] Uo Ariqiauliuo A8 |im AiseAlun punig Aq €241 €859/200T 0T/I0P/W00" A3 1M Afeiq 1 pUI|UO//SHNY WO} papeo|uMoq ‘. ‘€202 ‘G0S00502



BAHLEKEH ET AL.

increasing the surface area of the fins by using a
higher number of fins promotes more significant heat
removal from the PCM. Moreover, increasing the
number of fins results in a more uniform heat sink

distribution in the PCM domain.
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FIGURE 5 Decay of (A) the liquid fraction and (B) the mean
temperature of the phase change material for different cases of the
fins length during the melting process.

Figure 6B displays the temperature shape contours
for the use of 4, 9, 15, and 19 fins for 5400 s. The PCM's
temperature drops along the wall and around the fins in
each case. In the case of the PCM with four fins and the
early stage in the other cases, the fins do not reach
thermal equilibrium with the PCM because they grow as
the PCM discharges heat to HTF. In the most recent
stages of the 15 and 19 fins scenarios, the temperature of
the fins has nearly reached a steady state with the HTF.
According to the findings, the PCM liquid is at its
greatest temperature in the zone between each pair of
fins at the beginning of the process.

As seen in Figure 7, adding more fins reduces
movement and confines it to the spaces between
neighboring fins. The barriers given by the fins, as
they primarily control the movement of the liquid
PCM, are the critical factor in this phenomenon. In
the case of using four fins, there was little movement
throughout the area at 1800s of the solidification
operation because of the large region between the two
neighboring fins, and there was disappearing move-
ment in the case of greater fins number because of the
small areas between the fins. At 1800s of the
solidification operation, most of the PCM solids, and
the slight movement observed all around the domain
in the case of using four fins due to the wide area
between the two neighbor fins and disappearing
movement in the case of higher fins number due to
limited areas between the fins.

Figure 8A shows the solidification process over
time for various numbers of fins for 200 min. In each
case, the solidification process was reduced signifi-
cantly over time due to the heat transfer to the HTF
being released. Through time, by the generation of a

TABLE 3 The values of solidification

Fin's HTF Heat
Number height Reynolds temperature Solidification recovery time and heat recovery rate for different
of fins (mm) number (°C) time (s) rate (W) studied cases.
No fin 1000 15 15,784 10.23
9 fins H=5mm 1000 15 12,152 13.29
9 fins H=10mm 1000 15 8682 18.48
9 fins H=15mm 1000 15 5884 27.66
4 fins H=15mm 1000 15 10,025 17.07
15 fins H=15mm 1000 15 4088 41.80
19 fins H=15mm 1000 15 3541 48.1
19 fins H=15mm 500 15 4065 42.03
19 fins H=15mm 2000 15 3169 53.74
19 fins H=15mm 1000 10 2877 57.73
19 fins H=15mm 1000 20 4604 37.99
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FIGURE 8 Decay of (A) the liquid fraction and (B) the mean
temperature of the phase change material for different cases of the
fins number during the melting process.

solid PCM layer near the walls, the rate of heat
transfer (slope of the lines) reduces. The overall time
for solidification in the case of utilizing four fins is
182 min. In contrast, in the case of employing 19 fins,
the total solidification time is 88 min because the
system with a higher number of fins has a more
extensive heat transfer surface area.

Figure 8B shows that thermal conduction causes the
mean temperature to drop significantly within the first
period. The fins transfer heat from the PCM to the HTF,
and the conduction effects heat the solid PCM near the
walls. The mean temperature is lower than in the
other cases at a given time because of the large surface
area of the heat transfer in the case of using 19 fins. The
average PCM temperatures are 24°C, 23.8°C, 23.6°C, and
23.2°C when the systems utilize 4, 9, 15, and 19 fins
separately.

Due to the change in surface area and discharging
process rate to the deep region of the PCM caused by the
number of fins, the performance of solidification is
affected by fin number. The casing with a high number of
fins displays decreased solidification and an improve-
ment in heat recovery rate due to the large surface area
and improved thermal rate of the PCM. As shown in
Table 3, the 19-fin case solidifies in 59 min less than the
cases with 4, 9, and 15 fins. The heat recovery rates for 4,
9, 15, and 19 fins were 48.1, 41.8, 29.03, and 17.07 W,
respectively.
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5.3 | Effect of Reynold's number A)
The HTF flow rate, indicated by the Re number, impacts the 0.8
PCM's solidification process. The PCM solidifies faster due to .5
the greater flow rate and Re number providing the system g 06 _Et TESO
with a constant cold fluid that constantly maintains the = Ree 2000
temperature differential between the PCM and the HTF as é 04
high as feasible. Moreover, the heat transfer coefficient — 02
enhances by increasing the Re number inside the HTF. The
counter of the solidification process of the PCM for the case 0
of the vastest and maximum number of fins with three 0 20 i 40 . 60 80
values of Re (500, 1000, 2000) at the time of 1800 s illustrated Time (min)
in Figure 9A. The results indicated that in the case of a lower (B)
Re number, the region of liquid PCM remains confined 50
between every two fins and at the top and bottom of the 45 Re= 500
domain. In general, a rise in the Re number causes the PCM ? 40 Re= 1000
to solidify more quickly, compared to having less lig- g Re=2000
=
uid PCM. g%
Figure 9B shows the counter temperature with g 30
different Reynolds flow rates of HTF for the case of 19 g 25
fins at the time of 1800s. It is observed that a reduction = 20
in the temperature of PCM with an increase in the
Reynolds number of HTF and the highest drop of 15 0 20 40 60 20

temperature of PCM occurred with a Reynolds number
of 2000 compared with other cases, which illustrates the
solidification process of PCM.

Furthermore, Figure 9C shows the velocity
counter of the PCM at 1800s with various HTF
Reynolds flow rates and for the case of 19 fins. The
findings discovered that the increased Reynolds flow
rate of HTF led to enlarge solid PCM region and a
decrease in the liquid PCM zone, which represented
the reduction in the laminar flow rate of the liquid
phase of PCM for all cases.

Time (min)

FIGURE 10 (A) The liquid fraction and (B) the mean
temperature decay of the phase change material for different values
of Re during the solidification process.

Figure 10A examines the influence of the HTF
laminar flow rate as represented by different Reynolds
numbers (Re)s (500, 1000, 2000) for the case of 19 fins.
It has been discovered that increased flow rates

85U8017 SUOWILIOD BATE8.D 3|qedt[dde au Aq peusenob ae seolle YO ‘@SN JO S9N 10} ARiq i 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWIBH W00 A8 |IMAteIq 1 Ul UO//SANy) SUORIPUOD PUe SWe 1 8y} 89S *[¥202/90/50] Uo AkeidiTauluo A8|im ‘AIseAlun punig A €241 '€es8/200T 0T/I0p/W00 A8 | im Areiqiul|uoy//sdny woiy pepeojumod ‘. ‘€202 ‘S0S00502



BAHLEKEH ET AL. (@) | 2567
SCl
AR
FIGURE 11 (A) The solidification (A) (B) (C)
process, (B) temperature, and (C) velocity [ a E E | B | | . [ n
00000000 o P Uy 03005 DOy T da s ¥y Ly Y F5, 0.0 0000000000
distribution of the phase change material R e I e L I R
with various heat transfer fluids' inlet Temp 10 Temp 15 Temp20 Temp 10 Templ5 Temp20 Templ0 Temp 1S Temp 20
°C °C °C °C °C °C °C °C °C

temperatures at 1800 s.

1800s

improve thermal efficiency and solidification. All
curves have the same behavior where THE reduction
liquid phase layer of PCM with increasing time. It is
also observed that increasing Reynolds number of
HTF flow rate affects the decreasing liquid phase
layer of PCM and the required time for the solidifica-
tion process. However, the required time for the
solidification process with different Reynolds num-
bers represented 54 min for Re =2000, 59 min for
Re =1000, and 68 min for Re = 500.

The mean temperature development of the PCM is
presented in Figure 10B for the case of 19 fins and
various Reynolds numbers (Re)s (500, 1000, 2000).
The temperature differential between the HTF and
the PCM is considerable with high Re, increasing the
thermal exchange in the system, so the mean average
temperature is directly proportional to the Re. Due to
convective heat transfer, the temperature drops
quickly during the initial stage of the discharging
process before gradually decreasing, and the mini-
mum temperature is detected.

The time of the solidification process and heat
recovery rate of PCM at different Reynolds numbers
(Re)s (500, 1000, 2000) were presented in Table 3. The
results confirmed that the decreased time of the
solidification process of PCM increases the Reynolds
number. The optimum case for the solidification time
was found at 53 min and a Reynolds number of 2000
compared with other cases. Moreover, the heat recovery
rate for the case Re =2000 is 53.74 W, which is greater
than the rates for the cases Re=500 and 100,
respectively.

5.4 | Effect of different temperatures
The HTF temperature significantly impacts the phase
change process in the TES units. Figure 11A represents
the PCM's solidification process at 1800 s with different
HTFs' inlet temperatures. The data demonstrates that the
HTF with the lower temperature aids the PCM in
solidifying more quickly due to the higher rate of heat
transfer from PCM due to the increased temperature
difference between the PCM and the HTF. In compari-
son, the increasing temperature of HTF leads to reduced
solidification process of PCM due to decreases in the
difference in temperature between the PCM and the
HTF. Figure 11B, which also depicts the temperature
distribution in the PCM for temperatures of 100°C,
150°C, and 200°C, reveals the same trend. The findings
show that rising HTF temperature impacts PCM
temperature distribution, with higher HTF temperatures
leading to lower PCM temperatures and a delayed
solidification process. Likewise, the effective temperature
of HTF on the velocity counter has been presented in
Figure 11C. The same behavior discussed above has been
observed with different temperatures of HTF were seen
at lower temperatures of HTF; there is recirculation flow
between each fin due to convection heat transfer through
the liquid phase of PCM and the difference in tempera-
ture between the PCM and the HTF.

Figure 12A shows the discharge processes using three
different HTFs' inlet temperatures (10°C, 15°C, and
20°C). The graph demonstrates that the HTF inlet
temperature directly affects the rate of the solidification
process. HTF and PCM have a greater temperature
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(A) y 6 | CONCLUSION
0.8 In this paper, TES system performance with and without
£ J—pY fins have been compared numerically, as also the impacts
g 0.6 —15°C of fin addition on the PCM solidification process. The
- —20°C main conclusions of the study are as follows:
é« 0.4
- 02 « The efficiency of the solidification process is enhanced
by adding fins to the TES system by increasing the area
0 for heat transfer and the effective thermal conductiv-
0 20 40. .60 80 100 ity, as the thermal conductivity of the metal fins is
Time (min) larger than that of the PCM.
(B) « The addition of fins in the TES system impacted the
20 streamlines and velocity vectors, causing recirculation
b 10°c flow during solidification, resulting in a temperature
8 40 e difference between the liquid and solid PCM sections.
2 s ——— The velocities at the solid PCM region near the wall
% were close to 0 while increasing velocities were
5 30 . .
o, observed farther away from this region.
EJ 25 « The heat recovery rate for the case with the longest
20 fins is 27.66 W, which is higher than the rates for
15 cases without fins. While the cases with fins
0 20 40 60 80 100 extending 5 and 10 mm, respectively, were 10.23,
Time (min) 13.25, and 18.48 W.

FIGURE 12 (A) Liquid fraction and (B) mean temperature
decay of the phase change material for different values of heat
transfer fluid inlet temperature during the solidification process.

difference since the HTF has a lower temperature. A
faster rate of solidification results from the greater
thermal exchange rate caused by, the larger temperature
differences. The solidification time increases by 48, 59,
and 77 min, respectively, when the inlet temperature is
raised from 10°C to 15°C and 20°C.

The PCMs' temperature decreases due to using the
cooler HTF and reaching thermal equilibrium more
quickly (Figure 12B). Since complete solidification rather
than thermal equilibrium was considered when running
the simulation, the conventional analysis was carried out
until the PCM temperature reached 48°C.

To determine the required time of the solidification
process with a different inlet temperature of HTF, the
data was presented in Table 3. The minimum time for
solidification PCM occurred at 49 min for inlet tempera-
ture 10°C, while in other cases with 15°C and 20°C the
required time was 59 and 78 min, respectively. Heat
recovery rates with different inlet temperatures of HTF
were also presented in Table 2. This figure noted that the
optimum heat recovery rate was 57.73 W at the inlet
temperature of HTF of 10°C, but the other heat recovery
rates were 48.15 and 37.99 at an inlet temperature of HTF
of 15°C and 20°C.

+ The liquid PCM progressively decreases over time as it
divides into a liquid portion between every pair of fins
for fin numbers (4 and 9). Still, this behavior differs at
fin numbers (15 and 19), where the liquid portion
between every pair of fins becomes very small with fins
(15) and disappears with fins (19).

« When the PCM is less liquid, and as the Re number
increases, the PCM solidifies more quickly. Due to a
higher heat transfer rate from the PCM and a larger
temperature difference between the PCM and the
HTF, the HTF with the lower temperature helps the
PCM solidify more quickly. When the inlet tempera-
ture is increased from 10°C to 15°C and 20°C, the
solidification times rise by 48, 59, and 77 min,
respectively.

The impact of the materials used, the direction of the
tubes and a wider variety of researched characteristics
are all things the authors intend to look into in
subsequent investigations. In addition, the researchers
intend to manufacture the experimental design and
conduct empirical work on the impacts of more
complicated fins to improve heat transfer.
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