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Abstract: In the present study, a triplex-tube, employing fin-enhanced phase change materials (PCMs),
as a thermal energy storage (TES) system was studied numerically. The main flaw of the PCMs
is their low thermal conductivity that restricts their effectiveness for energy storage applications.
Metallic (copper) fins are added to the geometry of the system to improve their function by extending
the heat transfer area. The effects of the presence, configuration, and dimensions of copper fins were
investigated to understand the best design for minimizing the solidification time and achieving the
best performance enhancement for the TES system selected for this study. The results revealed that
the best performance belonged to fins with a mix configuration, with an attachment angle of 90◦

and the length and width of 28 mm and 1 mm, respectively. Using this configuration could reduce
the required time for complete solidification by around 42% compared to the system without fins.
Moreover, it was concluded that increasing the length of the fin could offer its positive effect for
enhancing the performance of TES system up to an optimal point only while increasing the width
showed a diverse influence. Furthermore, the angles between the tube surface and the fin direction
were investigated and 90◦ was found to be the best choice for the TES case selected in this study.
In addition, placement of the fins on the surface of internal or external tube or mix method did not
show a significant effect while placing the fins on the external surface of the tube showed even a
negative impact on the performance of the TES system compared with when no fins were applied.

Keywords: thermal energy storage; numerical modeling; phase change materials; solidification; fins

1. Introduction

The solar energy provides an alternative source of energy to replace fossil fuels for generating
heat [1,2]. However, its main challenge is the intermittency of solar radiation. Hence, by focusing
on solar thermal systems, thermal energy storage (TES) solutions are seen as an integrated part
of such systems to ensure the continuity of supply. Generally, TESs are divided into latent heat
thermal energy storage (LHTES), sensible heat storage (SHS), and thermochemical energy storage [3–6].
LHTES systems work with phase change materials (PCMs) [7–9] and involve an almost isothermal
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charging/discharging process. They have several merits including high-energy storage density, being a
mature technology, and working in a wide temperature range.

The solid–liquid PCMs that can easily change to liquid and solid phases are classified into three
types of inorganic, organic, and eutectic PCMs. They possess different ranges of transformation
temperatures used in both low-temperature and high-temperature solar energy storage systems for
different purposes including solar cooking, air and water heating, solar power plants, and drying
process by solar energy [10–13].

One of the most important weaknesses of PCMs is their low thermal conductivity that affects their
function in energy storage devices in terms of rate of thermal charging and discharging. As extensively
studied before [14–22], application of extended surfaces such as fins is one of the methods that can
address this problem. The thermal conductivity of metal fins is far higher than PCMs that help increase
the heat transfer rate between the heat transfer fluid (HTF) and the PCM. This results in enhancing the
overall performance of the LHTES systems in terms of rate of thermal charging and discharging [10].
Applying fins is also an economical option due to being easy to fabricate [6]. Different key characteristics
of these fins such as thermal conductivity, geometry and configuration, material (e.g., being corrosion
resistance), and cost must be considered when designing them for performance enhancement of
PCMs. [8].

Employing fins as a helpful method for enhancement of heat transfer rate during melting and
solidification processes (i.e., to improve the TES function) was investigated numerically by several
researchers. Henze and Humphrey [23] investigated the melting behavior of a PCM by proposing
and validating it 2D model in a thermal energy storage device in which fins with equal spaces were
used. Their model could predict the average fraction of the melted PCM with an acceptable precision.
Besides, Lacroix [24] developed a mathematical model using the enthalpy method to simulate the
transient phase change process inside a shell and tube TES system in the presence of external fins.
They found that the fins with annular geometry were very effective for enhancing the heat transfer
stored during the phase change process up to 63% in the presence of 19 fins and 44% for the case with
12 fins. Velraj et al. [25] studied the phase change process of the PCM of paraffin RT60 in a vertical
circular tube that was internally finned as the TES system located in an external tube containing HTF of
water. They reported that using a V-shaped fin configuration was the most effective way to maximize
the performance of the PCM-based energy storage systems they studied.

Afterwards, Gharebaghi and Sezai [26] used a numerical model to study a finned heat sink that
worked with RT27 as PCM in vertical and horizontal orientations. They proved that in the case
studies with a significant temperature difference (20 ◦C in their study), addition of the fins played a
significant role to augment the heat transfer rate up to 80 times for different case studies compared
to the system without fins. Moreover, they demonstrated that the reduction in spaces between the
fins could accelerate the melting process up to 50%, i.e., the parameter that was considered equal and
constant in Henze and Humphrey [23] study.

Moreover, Sciacovelli et al. [27] conducted a numerical study to analyze the influence of using
Y-shaped fins on the thermal discharging process of a thermal energy storage system. It was concluded
that Y-shaped fins with wide angles of branches were more efficient for short operating times, whereas
Y-shaped fins with smaller angles were more stable during longer-term operation of the thermal
storage system.

It is important to indicate that all of the above-mentioned studies were focused only on investigating
the geometry and configurations of the fins.

Darzi et al. [28] then numerically investigated the hybrid effects of nanoparticles and radial
conductive fins on the melting and solidification enhancement of PCMs inside a cylindrical annulus.
They illustrated that the presence of fins was more effective than introducing nanoparticles for improving
the heat transfer rates of the PCM during both melting and solidification processes. The improvement
obtained by fins were 28%, 62%, 75%, and 85% by using 4, 10, 15, and 20 fins, respectively, while the
enhancement by nanoparticles addition were 9% and 16% using 2% and 4% of nanoparticles. However,
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it was revealed that this enhancement was more beneficial during the solidification process compared
to that in the melting process. Similarly, Al-Abidi et al. [29] examined the effect of introducing metallic
fins on the enhancement of solidification of the PCM while nanoparticles were used simultaneously.
The length of the fins was considered as a variable and its effect was investigated to determine the best
achievable performance of the TES system. The results indicated that increasing the length of the fins
could enhance the function of the TES as the required time to complete solidification could be reduced
up to 35%. In that study, the number of fins and their dimensions were analyzed and optimized to
acquire the best performance for the TES unit. Furthermore, Mahdi and Nsofor [17,30] investigated
the solidification and melting process of a PCM inside a triplex-tube thermal energy storage system in
the presence of fins and nanoparticles. They concluded that the required time for both solidification
and melting decreased by addition of both fins and nanoparticles. However, similar to the findings of
Darzi et al. [28], they showed that using fins without introducing nanoparticles resulted in the best
performance. They also simulated this thermal storage system to survey the influence of the fins with
different novel configurations (i.e., attached to the internal tube) on the energy storage function while
simple longitudinal fins were linked to the external tube. They showed that the configuration of fins
can have a significant impact on the level of performance enhancement of the TES they studies [31].

In another study, Alizadeh et al. [32] proposed a numerical model to simulate the phase change
process of the PCM and the influences of introducing hybrid nanoparticles of TiO2–Cu and addition of
Y-shaped fins on the performance of the latent heat thermal energy storage system they used in their
study. They noticed that both geometry modification (bifurcation angle and fin length increase) and
nanoparticles shape factor can augment the transient phase change process. Moreover, they noticed
that the presence of the fins was much more effective compared to nanoparticles, i.e., endorsing the
results obtained by Mahdi and Nsofor [17,30] and Darzi et al. [28].

Previous numerical studies were mostly dedicated to studying or optimizing just one of the
effective parameters of the fins among configuration, dimensions, type, contact angle, junction of
fins and geometry. Moreover, although various studies were conducted on TES systems, there are
different effective parameters that they have not investigated yet that can particularly improve their
efficiency significantly. In most of these studies, the presence of fins with only a specific geometry
was investigated. However, all of these fin parameters are interlarded suggesting that fin design and
optimization for performance enhancement of PCMs must done by considering the effect of all key
involving parameters simultaneously.

In response to this gap in the literature, in the present research, the details of a numerical model
are provided to determine the influence of key fins design parameters (i.e., to be integrated in a PCM
chamber) on the performance improvement of PCMs. RT82 as the PCM was selected for this study
placed inside a triplex-tube thermal energy storage system. Despite other studies that investigated
some limited fin features, in the present study the effects of the presence of the fin, the placement of
the fins on the external tube, internal tube, and a mixed case study (on both internal and external
tubes). The angles between the fins direction and the tangent line to the tube surfaces (45◦ and
90◦), and fins dimensions (length and width of the fins with rectangular cross section) were studied
and compared to the TES system without fins. To obtain the best fin design to be employed in the
TES system selected for this study. The outcomes of this comprehensive numerical study will be
used as a user guide for utilizing TES systems equipped with metallic fins. As mentioned earlier,
the fins material is an important parameter that significantly influences the rate of heat transfer in
TES systems. Considering the manufacturing costs as well as durability and thermal conductivity of
different materials, we selected copper as the fin material to be used in this study.

Following the introduction, Section 2 of this paper details the modeling procedure used in this
study including an overview of the modeling approach, geometry of the computational domain, fins
and PCM details, assumptions and governing equations, and mesh independency and accuracy of the
numerical model. Then in Section 3, the results of the Computational fluid dynamics (CFD) simulation
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are detailed and compared for different case studies. Moreover, in this section the results are provided
and discussed in details. Finally, the paper is concluded in Section 4.

2. Modeling Procedure

2.1. Overview of the Modeling Approach

In this study, the solidification of a PCM inside a triplex-tube thermal energy storage system was
modeled numerically in order to investigate the effects of copper fin properties introduced to enhance
the solidification rate of the PCM selected for this study. The key properties investigated include
dimensions, configuration and the order of attachment, and the contact angle of the fins. For numerical
modeling of the phase change process of the PCM (solidification), governing equations of momentum
and heat distribution for liquid PCM were the Navier–Stokes and energy equations. These equations
should be discretized and solved numerically for the whole domain. A CFD simulation was applied to
model the transient behavior of the phase change process. The thermo-physical properties of the PCM
and fins, the accurate and well-meshed geometries and the methods of discretization of the governing
equations are of great importance as inputs to the CFD simulation. Moreover, both temperature and
liquid fraction of the computational domain were recorded as outputs of the numerical modeling in
order to compare different case studies. Besides, the time that is required for complete solidification of
the PCM was the key parameter to be understood for designing an efficient PCM-based TES system.

2.2. Triplex-Tube Details

In this study, the triplex-tube of experimental study of Al-Abidi [33] was modeled as the energy
storage system. Figure 1 is a schematic view of the cross section of the triplex-tube with rectangular
copper fins as a horizontal longitudinally-finned triplex-tube heat exchanger. The triplex-tube was
made by three 500 mm long concentric copper tubes with three different diameters of 50.8, 150 and
200 mm in a row. The internal tube had a thickness of 1.2 mm while the middle and external tubes
had a 2 mm thickness. The PCM utilized in this research was RT82 due to its suitability for being
used in phase-change processes without super-cooling and stable performance in multiple thermal
cycling [17]. PCM filled the empty space between internal and middle tubes. Water as the heat transfer
fluid circulated within internal and the space between the middle and external tubes. Eight copper
longitudinal fins with similar length (L) and width (w) were attached to the external surface of the
internal tube as well as the internal side of the middle tube (i.e., Figure 1). Four fins were placed on the
middle tube as two fins were vertical, and two others were horizontal. Other fins were linked to the
internal tube with a 45◦ horizontal angle. Fin length and width were changed to analyze the effect of
dimension for proposing the most effective design/arrangement.
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Figure 1. A 2D schematic of the triplex-tube showing the fins’ parameters and configuration (internal
fins are those attached to the inner tube while external fins were linked to the outer tube).

2.3. Assumptions and Governing Conditions

As in Mahdi and Nsofor study [17], the computational domain was finned in longitudinal direction
and filled with the PCM between ro and ri, the radius of the middle and inner tubes in a row. It was
assumed that the PCM and fins had the constant temperature of 366 K (liquid phase) at the beginning
of the solidification process. Therefore, the initial condition was T = 366 K.

The surfaces of the middle area (red color in Figure 1) were exposed to the HTF with lower
temperature than the solidus temperature (TS) of the PCM (343 K, TW < TS). The boundary conditions
were defined as:

i. r = ri, T = Tw = 366 K
ii. r = ro, T = Tw = 366 K

To start the solidification process, heat transfer between the surfaces and PCM is required.
The driving force for this heat transfer is the temperature difference between Tw and TS (TW < TS).

In the solid PCM without any phase change, the heat transfer during the solidification is the result
of conduction while in the liquid PCM area both conduction and some degrees of convection play
role in this process. This phenomenon begets a buoyancy-driven flow in the liquid PCM. In order to
develop a simplified mathematical model for simulating the solidification process, various assumptions
were used, including:

• transient and incompressible liquid phase flow;
• negligible water temperature alteration and viscous dissipations;
• no-slip condition for liquid at boundaries;
• insignificant influence of temperature variation on PCM thermal features except liquid density in

momentum equation calculated by Boussinesq Equation;
• PCM and fins were at 366 K as initial condition; and
• negligible thermal resistance for junction of tube and fins and isolated outer surface of the

external tube

The governing equations of momentum and heat distribution for liquid PCM are defined by the
Navier-Stokes and energy equations [17,34,35]:
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∇. v = 0, (1)

∂u
∂t

+ v · ∇u =
1

ρpcm

(
−∇P + µpcm∇

2u
)
+ Cu

(1− λ)2

λ3 + ε
, (2)

∂u
∂t

+ v · ∇u =
1

ρpcm

(
−∇P + µpcm∇

2v + (ρβ)pcmg
(
T + Tre f

))
+ Cv

(1− λ)2

λ3 + ε
, (3)

∂u
∂t

+
∂(∆H)

∂t
+∇·(vh) = ∇·

 kpcm(
ρCp

)
pcm

∇H

, (4)

where µ, P, r, and v depict dynamic viscosity, pressure, velocity in r direction and velocity in θ

direction, respectively. Once the PCM becomes solid and velocity reaches zero, the constant of mushy
zone (C) become the controller of damping given in the above equations. Mushy zone constant is
generally in the range of 105–106 [36]. In this research, the value of 105 was more suitable to validate
the real outcomes [33]. h and ∆H are sensible enthalpy and latent heat, respectively. Furthermore,
ε was adjusted to a tiny number (0.001) in order to prevent the division by zero. Sensible enthalpy is
formulated as:

h = hre f +

∫ T

Tre f

CpdT, (5)

where Tref, href, and Cp illustrate the reference temperature equal to 273 K, reference enthalpy at
reference temperature, and specific heat at constant pressure. Latent heat is calculated by:

∆H = λΓ. (6)

In Equation (6), Γ refers to latent heat of fusion (J/kg K) and λ is a parameter that can alter from
zero (showing the solid state) to 1, which demonstrates the liquid phase. Indeed, it shows remaining
liquid fraction when temperature is between Ts and Tl. It is expressed as follows:

λ =


0 T ≤ Ts

T−Ts
Tl−Ts

Ts < T < Tl

1 T ≥ Tl

. (7)

The Equation (8) gives the energy balance of fins:

∂(ρCuCP.CuTCu)

∂t
= ∇·(kCu∇TCu), (8)

where ρ, Cp, and k show density, specific heat, and thermal conductivity of the fins respectively while
subscript of Cu is to indicate that copper fins were used in this study.

2.4. Fin Details

Rectangular fins used in this research had fin length in direction of the triplex-tube annulus of l,
fin length in cross section of the annulus (L) and width of (w). Therefore, the volume occupied by fins
(Vf) and volume fraction (φf) of fins in this system can be calculated by the following equations:

V f = N × (L × w) × l, (9)

ϕ f =
V f

Vt
, (10)
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w =
π
(
r2

o − r2
i

)
N × b

ϕ f . (11)

In above equations, N and Vt are the number of fins and the total volume of the TES system.
The φf was estimated based on different fin dimensions utilized in this study. This value for the fins
with lengths of 42 mm, 28 mm, and 18 mm and widths of 1 mm, 1.5 mm, and 1 mm is approximately
equal to 0.0215, 0.0215, 0.0143 and 0.0092, respectively that illustrate the space filled with fins in the
PCM area.

2.5. Mesh Independency

In this numerical model, partial differential equations (Equations (1)–(5) are solved using CFD
code-ANSYS FLUENT 2019-R1). In order to simulate the solidification of molten PCM, the Pressure-based
method was applied due to its suitability for incompressible flows, while the momentum and energy
equations (Equations (1)–(5)) were solved after discretization by the finite volume method with the
Second Order Upwind scheme. Furthermore, SIMPLE algorithm was adopted for the pressure-velocity
coupling in the momentum equations (Equations (2) and (3)) besides the Second Order scheme for
pressure correction. The solidification of the PCM was modeled by the enthalpy-porosity method.
In this technique, the area contains both phases together (Mushy zone) was assumed as a ‘pseudo’
porous media possessing the porosity equals to the liquid fraction. For solidification, the porosity
scores from 1 that demonstrates the liquid phase to amount of 0, which is the symbol of the solid
phase. Actually, the melt interface tracking is replaced by a special liquid fraction dedicated to every
computational cell [17,28].

On the other hand, to run the numerical model, a 20 s time interval was chosen for iterations
that could maintain the model stability during the simulation of all case studies. Moreover,
the under-relaxation factors were assumed to be 0.5, 0.3, 0.3, and 0.8 for velocity components,
liquid fraction, pressure correction, and energy equations, respectively.

In addition, to ensure the independency of the acquired outcomes from the element size and mesh
topology, a mesh independency investigation was conducted by comparing the average temperature
of whole PCM area for five grid arrangements with specific element sizes of 0.25, 0.5, 1.0, 1.5, and
2.0 mm and the total number of cells = 365,600, 94,940, 24,072, 10,920, and 6136 respectively. The results
obtained from the mesh independency study showed that the element size of 0.5 mm was reliable,
whereas by using smaller size of cells almost similar results were obtained that did not justify using
them, i.e., considering the significant increase in the computational time with higher number of
elements. The outcomes of this mesh independency study are presented in Figure 2.
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2.6. Model Validation and Precision Assessment

In order to validate the results of the simulation study, they were compared with the experimental
values reported by Al-Abidi et al. [33]. The thermo-physical properties of RT82 PCM were used in
our numerical study, similar to that used in the study conducted by Al-Abidi et al. [33]. The details of
these properties used in the model are provided in Table 1 [17,33].

Table 1. Thermo-physical properties of phase change material (PCM), enhanced with fins, and
nanoparticles [17,33].

Property PCM (RT82)

Density, Liquid (kg/m3) 770
Specific Heat (J/kg K) 2000

Thermal Conductivity (W/m K) 0.2
Thermal Expansion Coefficient (K−1) 0.001

Latent Heat of Fusion (J/kg) 176,000
Dynamic Viscosity (kg/m s) 0.03499

Melting Temperature (K) 351.15–355.15

Figure 3 demonstrate the average temperature variation of the PCM area during solidification from
the starting point up to the time of 2100 s with a 300 s time interval based on the existing experimental
results reported in the literature. The mean absolute percentage error (MAPE) and mean absolute
deviation (MAD) were also calculated to be 0.532709% and 1.866905, respectively. Then they were
compared with the experimental values extracted from Al-Abidi et al. [33] study. This comparison (i.e.,
Figure 3) suggests a strong agreement between the experimental data and the CFD results. Maximum
deviation of the CFD results from the experimental data occur towards the end of the 2100 s period
chosen for the simulation, that was only just over 1%. This close agreement confirms the reliability of
our CFD simulation for further investigation of the case to optimize the fins design.
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3. Results and Discussion

Generally, different effective parameters were considered in the present study to investigate the
effect of using copper fins for solidification enhancement of the PCM. The effect of the fins’ presence
was studied by benchmarking the performance of the TES system with fins with a base scenario in
which no fins were applied. As stipulated before, key parameters such as fins’ dimensions (length and
width), fins’ configuration (on the surface of internal tube, external tube or mix method), and the fins’
angle of attachment (i.e., for two angles of 45◦ and 90◦) were specifically studied. This was done in
order to understand the most effective design specifications for the fins and hence the best operating
condition for the TES system. Table 2 presents all details of different case studies.

Table 2. The details of all case studies.

No. Case Study Fins Position Length (mm) Width (mm) Angle

1 Without Fin - - - -
2 45-Internal (1 × 42) On the internal tube 42 1 45◦

3 45-Mix (1 × 42) On both internal and external tubes 42 1 45◦

4 45-External (1 × 42) On the external tube 42 1 45◦

5 90-Internal (1 × 42) On the internal tube 42 1 90◦

6 90-Mix (1 × 42) On both internal and external tubes 42 1 90◦

7 90-External (1 × 42) On the external tube 42 1 90◦

8 90-Mix (1 × 18) On both internal and external tubes 18 1 90◦

9 90-Mix (1.5 × 28) On both internal and external tubes 28 1.5 90◦

10 90-Mix (1 × 28) On both internal and external tubes 28 1 90◦

Figures 4 and 5, illustrate the temperature and liquid fraction contours respectively for different
fin configurations with similar dimensions (width = 1 and length = 42) during the time from 1000 s up
to 13,000 s with a 3000 s time step. This helps identify the case with the shortest solidification period.
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It is noteworthy that although the fins’ angle of attachment (45◦ and 90◦) has influence on how the
PCM is solidified, this effect was not found to be significant since the mix method and applying fins
only on the surface of the internal tube had the same results. However, placing the fins on the surface
of the external tube showed less improvement effect on the solidification of the PCM for the angle of
90◦ while the external fins with the angle of 45◦ could decrease the function of the TES systems even
more compared to the system without any fins. It is because of the fact that the external fins encourage
the natural convection and the heat transfer from the top section of the system. Therefore, the fins
located on the lower sections of the system do function more effectively to accelerate the solidification
process. This is while for two other cases, all fins play approximately the same role in enhancing the
solidification in the presence of natural convection.

Overall, the solidification enhancement can be attributed to the heat conduction through the
copper fins that accelerates the heat transfer rate resulting in faster solidification. During the start of the
solidification process, natural convection (happening in the PCM area) plays a major role. Afterwards,
when the PCM is partially solidified, the main mechanism of heat transfer is conduction through the
fins, tubes, and the solidified PCM layers that control the solidification process. Furthermore, using 45◦

angle of attachment for the fins offers a slight positive effect compared to the system without fins due
to introducing an additional resistance for direct heat transfer from the PCM to the tubes. This hard
layer between the surfaces of the tubes and the liquid PCM can suppress the perfect heat transfer and
thermal difference, which are required for achieving a better natural convection.
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Figure 4. The temperature contours for PCM area with different fins configurations with the same
dimensions (1 mm × 42 mm).

Figure 5 illustrates the liquid fraction contour for different case studies with various fin
configurations using fins with similar dimensions. The PCM solidification enhancement can be
compared by referring to the time required for solidification. The area of the molten PCM becomes
smaller up to the point that the PCM solidifies completely. Overall, at the first stages of the solidification
process, the liquid PCM is in direct contact with the cold surfaces of the internal and external tubes and
a thin layer of the solidified PCM is formed on the surface of the cold tubes that becomes thicker over
time. Thicker solid layer induces a bigger thermal resistance and the solidification abates temporally.
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In order to investigate the impact of the fins’ dimensions on the solidification enhancement, four
different dimensions for the system with 90◦ fins were considered (1 mm × 42 mm, 1.5 mm × 28 mm,
1 mm × 28 mm, and 1 mm × 18 mm). The results (i.e., temperature and liquid fraction contours) were
presented in Figures 6 and 7, respectively for 1000–13,000 s with a maximum time interval of 3000 s.
It is worth mentioning that the width increase had a negative influence on the performance of the
system in terms of solidification enhancement. On the other hand, the length of the fins had a positive
effect on reducing the solidification time, since thermal penetration depth is enhanced by using longer
fins. Increasing the fins length from 18 mm to 28 mm improved the performance of the TES system
to a certain level (i.e., 28 mm) However, by further increasing this length from 28 mm to 42 mm, the
performance of the system was adversely impacted. It can be concluded that the fin’s length has an
optimal value to minimize the time required for complete solidification.
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The trends of reduction in average temperature and liquid fraction in the area filled with PCM
are provided in Figures 8–11. Moreover, in Figures 8 and 9 the time of complete solidification (liquid
fraction equals to 0) can be seen and compared. The results demonstrate that the complete solidification
achieved easier using fins with the width of 1 mm and length of 28 mm. Furthermore, the angle of
90◦ was found to be more effective for attachment of metallic fins. Moreover, fins on both internal
and external tubes of the TES system was more beneficial compared to the cases with fins on just one
tube. The higher average temperature reveals that the solidification happens later. This is evident
by comparing various case studies near the end-point of solidification. The exact required time for
complete solidification and the time reduction percentage were given in Table 3 for easier comparison.
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Table 3 provides the time required for solidification in different cases studied in this research
(i.e., without fins and with fins of different design configurations). The table is guiding us through
the changes in the time required for solidification in different cases compared to a base case in which
no fins were applied. It can be seen that the contact angle of 45◦ offered no positive effect on this
process but also it adversely affected the performance of the TES system. On the other hand, the best
performance was achieved by using the fins with mixed configurations, attachment angle of 90◦ and
with a length and width of 28 mm of 1 mm, respectively. This design reduced the required time for
complete solidification by about 42% compared to the system without fins.

Table 3. The required time for the complete solidification and the time reduction percentage for all cases.

Case Study Solidification Time (s) Time Reduction (%)

Without fin 20,340 -
45-Internal (1 × 42) 19,500 4.1

45-Mix (1 × 42) 20,000 1.7
45-External (1 × 42) 23,580 −15.9
90-Internal (1 × 42) 13,540 33.4

90-Mix (1 × 42) 13,540 33.4
90-External (1 × 42) 14,020 31

90-Mix (1 × 18) 13,160 35.3
90-Mix (1.5 × 28) 12,160 40.2
90-Mix (1 × 28) 11,800 42

4. Conclusions

The triplex-tubes are applied as thermal energy storage systems using PCMs that can be used
for different applications. In this study, PCM solidification process was modeled numerically and the
influences of the presence of rectangular copper fins, their dimensions, configurations, and contact
angles on the solidification enhancement were analyzed. The results revealed that the best performance
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belonged to fins with mix configuration, attachment angle of 90◦ and with a length of 28 mm and
width of 1 mm, which reduced the required time for complete solidification by ~42% compared to a
similar system without fins. Furthermore, the outcomes of this study showed that there is an optimal
value for the length of the fins as thermal performance improves with increasing fin lengths up to
this point. In addition, the results demonstrated that changing the fin’s configuration did not have a
significant impact on the solidification rate although the fins on the surface of external tube had the
worst effect. Another effective parameter is the contact angle of the fins attached to the surfaces of the
tubes. It was concluded that the function of 90◦ angle was remarkably better than the angle of 45◦.
Fins with the contact angle of 45◦ offered no benefit for enhancing the solidification process for both
configuration of mix and internal, whereas for the external configuration it could even weaken the
performance of the system by up to 15%.
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