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Abstract: Energy storage technology provides a new direction for the utilization of renewable and
sustainability energy. The objective of this study is to introduce a novel, wavy, longitudinal fin design,
which aims to improve heat transfer in the melting process of a Latent Heat Thermal Energy Storage
(LHTES) unit. The main goal is to mitigate the negative effects caused by the refractory zone at the
end of the melting phase. A two-dimensional numerical model of LHTES unit is established by
using the enthalpy porosity method and verified by experimental data. Through the quantitative
comparison between the traditional rectangular fin and the innovative wave fin, the influence of
wave fin on the heat transfer mechanism in the heat storage process is revealed. The results show
that the average heat storage rate of five and six wave fins is 3.70% and 12.98% higher than that of
conventional rectangular fins, respectively, and the average temperature response of six wave fins is
17.78% higher than that of conventional rectangular fins. The addition of the wave fin weakens the
negative effect of the refractory zone, but prolongs the heating time of the initial melting point.

Keywords: LHTES; melting properties; wavy fin; enhanced heat transfer

1. Introduction

To facilitate the transition to low-carbon energy, the European Union has established
an objective of achieving a minimum of a 40% reduction in greenhouse gas emissions by
2030. However, the energy consumption in Europe is predominantly attributed to building
heating and cooling, which accounts for approximately 50% of the total energy usage [1,2],
and the utilization of energy always results in the wasteful consumption of heat energy.
The efficient utilization of new energy sources and energy transformation [3] are currently
important topics. The energy storage technology development is crucial for the utilization
of renewable energy sources, which can store the heat generated during energy utilization
and integrate renewable energy into the energy system [4,5]. This integration enhances the
flexibility in utilizing energy and boosts the energy system’s overall efficiency [6].

Thermal energy storage technology [7] involves changing the storage medium temper-
ature through heating or cooling, and releasing its internal thermal energy when needed
for building heating/cooling and industrial operations. Latent heat storage utilizes phase
change materials (PCM) as the heat storage medium [8]. This technology has gained at-
tention in recent years because of its advantages of high latent heat capacity, temperature
stability, and minimal volume change [9,10]. The widespread implementation of PCM is
hindered by their limited capacity for heat transfer due to their low thermal conductiv-
ity [11,12].

Extensive research has been undertaken with the aim of enhancing the thermal ef-
ficiency of LHTES systems [13,14]. These studies have focused on various approaches,
including the use of metal fins or metal foam [15,16], dispersing nanoparticles in PCM
to improve overall heat exchange efficiency [17,18], and packaging PCM to improve heat
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transfer uniformity [19,20]. Among these approaches, enhancing heat transfer performance
through metal fins is advantageous due to its simplicity and efficiency [21]. For example,
Kumar and Verma [22] undertook both experimental/numerical investigations into the
melting characteristics of lauric acid, which is a PCM commonly utilized in LHTES sys-
tems. They investigated the effect of different inner tube eccentricity and fin angles on
melting properties and found that a bottom annular fin angle of 60◦ reduced the storage
time by 18.7%, while increasing the inner tube eccentricity increased the heat charging
rate by 21%. Li et al. [23] designed experimental structures of shell-and-tube LHTES units
with different fin structures and nano-additive content. Their addition of nanoparticles
had a negative influence on instantaneous storage and overall melting rate. They also
found that longitudinal fins had the best effect on the pre-melting process compared to
annular and spiral fins, reducing the storage time by 16%. Zhang et al. [24] used an in-
novative spiral fin for enhanced heat transfer in LHTES systems and studied its effect
compared to traditional rectangular fins through numerical simulation of the charging
process. The whole charging time of the four-helical fin LHTES was significantly decreased
by 31% compared to conventional fins, and the temperature of inlet fluid had a significant
effect on the charging process. Huang et al. [25] used LHTES devices for heat storage
and designed palm-leaf-shaped bionic fins to improve waste heat recovery efficiency in
cooling systems. Their research demonstrated that the palm-leaf bionic fins shortened the
charging and discharging time of LHTES by 21.0% and 38.2%. Furthermore, economic
analysis showed that the minimum payback period of the LHTES device was only 2 years.
Hosseinzadeh et al. [26] comprehensively studied the influence of new fins and mixed
nanoparticles (MoS2-Fe3O4) on the discharging process of triple-tube LHTES units, and
verified their numerical calculation model through experimental data. Their results showed
that under the optimization methods, the solidification performance of mixed nanoparticles
and new fins was significantly enhanced, with radiation parameters contributing to 74.58%
of the whole discharging time. Huang et al. [27] proposed a comprehensive enhanced heat
storage process for triple-tube LHTES units using inner tube eccentricity and fin offset.
They studied the specific effects of these parameters on melting time through the response
surface method and found that under optimal conditions, fin offset, and the inner tube ec-
centricity could significantly reduce the unit charging time by 23.87% without changing the
volume of the inner PCM. Modi et al. [28] researched the effect of different fin heights and
aperture-perforated fins on the charging/discharging process of LHTES units. They also
studied the effect of different fin angles on the temperature rise rate in the heat-charging
process. Their results showed that the optimum fin height was 65% of the unit, and fin
height had little effect on the heat-discharging process. The melting time of 4 mm and 8 mm
perforated fins was reduced by 12.65% and 3.16%. Ma et al. [29] designed a novel circular
fin to enhance the heat storage performance of Li2CO3-K2CO3-Na2CO3 (32-35-33 wt%) in
LHTES systems. They conducted numerical studies on exothermic performance and the
exergy efficiency of different fin structures. The solidification time of heat transfer fluid
(HTF) could be reduced by 38.72%. The HTF specific exergy decreased rapidly during the
heat discharging process, and the study recommended specific parameters for the HTF
inlet speed and temperature. While these studies have made significant contributions to
fin design and parameter optimization [30,31], the use of fins reduces the PCM volume in
LHTES systems. Therefore, it is important to study how to minimize the impact of fins on
PCM volume and maximize the heat charging/discharging performance of the system.

In this study, an innovative type of wavy fin is designed to enhance the heat-charging
performance of a double-tube LHTES unit. The numerical comparison between different
numbers of wavy fins and traditional rectangular fins is conducted and verified by experi-
mental data. The research mainly focuses on the liquid/temperature distribution evolution,
liquid phase rate, heat absorption, heat absorption rate, and temperature response of the fin
structure in the heat-charging process of the LHTES unit. This research has demonstrated
that the implementation of a wavy fin significantly enhances the heat transfer capabilities
of the LHTES unit.
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2. Model Description
2.1. Physical Model

Figure 1 illustrates a phase-change thermal storage system coupled with an offshore
platform for the petroleum industry. The key component of this system is the phase-change
storage system. In this study, we have selected a unit from the phase-change storage system,
as depicted in Figure 2a. This unit is a double-tube LHTES unit, with both inner/outer
tube walls made of copper and a thickness of 1 mm. The HTF flows through the PCM in
the inner/outer tubes, and longitudinal fins are used in the unit to enhance heat transfer.
We have investigated and designed five different fin structures, including the traditional
rectangular fin and four wavy longitudinal fin structures, as shown in Figure 2(b1–b5).
To facilitate further research, we have simplified the research object to the cross-section.
The geometric parameters of the LHTES units are presented in Table 1, while the PCM
physical parameters are provided in Table 2. The initial PCM used is Paraffin RT50, and
RT82 Paraffin is used for verification.
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Figure 1. Phase-change thermal storage-coupled offshore platform system for the petroleum industry.

Table 1. Model geometry parameter.

Geometric Numbering Numerical Value (mm)

R1 10
R2 50
L1 5
L2 10
L3 10
L4 10
L5 5
d1 1
d2 5
d3 10
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Figure 2. (a) Schematic diagram of the double-tube LHTES unit; (b1–b5) Longitudinal rectangular
fin and longitudinal wavy fin section structure.

Table 2. Thermophysical parameters of PCM [32,33].

Property Paraffin RT50 Paraffin RT82 Cu Unit

Thermal conductivity (k) 0.2 0.2 387.6 W/m·K
Dynamic viscosity (µ) 0.0048 0.03499 Pa·s

Isobaric specific heat (cp) 2000 2000 381 J/kg·K

Density (ρ) 760 (liq)
880(sol)

770 (liq)
950(sol) 8978 kg/m3

Melting temperature (Tm) 321.15 353.15 K
Latent heat of fusion (λ) 168000 176000 J/kg
Volumetric coefficient of

thermal expansion (β) 0.0006 0.001 K−1

Solidus temperature (Ts) 318.15 351.15 K
Liquidus temperature (Tl) 324.15 355.15 K

2.2. Mathematical Model

The following assumptions are made first [34]:

(1) Liquid PCM exhibits incompressible Newtonian laminar flow;
(2) The Boussinesq hypothesis is employed to describe the generation of natural convection;
(3) The PCM thermophysical properties are independent of temperature;
(4) There is no heat exchange between the LHTES unit and the external environment.

Equation (1) is the continuity equation, Equations (2) and (3) are the momentum
equations, and Equation (4) is the energy equation [35]:

∂ρ

∂t
+

∂(ρu)
∂x

∂(ρv)
∂y

= 0 (1)

∂(ρu)
∂t

+
∂(ρuu)

∂x
+

∂(ρuv)
∂y

= −∂p
∂x

+
∂

∂x

(
µ

∂u
∂x

)
+

∂

∂y

(
µ

∂u
∂y

)
+ Amush

(1− f )2

f 3 + ε
u (2)
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∂(ρv)
∂t

+
∂(ρuv)

∂x
+

∂(ρvv)
∂y

= −∂p
∂y

+
∂

∂x

(
µ

∂v
∂x

)
+

∂

∂y

(
µ

∂v
∂y

)
+ Amush

(1− f )2

f 3 + ε
v + ρgα(T − Tm) (3)

∂ρh
∂t

+∇ · (ρvh) =
1
ρ

∂

∂x

(
k

∂T
∂x

)
+

1
ρ

∂

∂y

(
k

∂T
∂y

)
(4)

Expression for Boussinesq hypothesis:

(ρ− ρ0)g = −ρ0β(T − T0) (5)

where Amush = 105 refers to the velocity momentum in the paste region [36]. ε is a decimal
that prevents the equation denominator from being 0. fm is the PCM liquid fraction:

fm =


0, T ≤ Ts

T−Ts
Tl−Ts

, Ts < T < Tl

1, T ≥ Tl

(6)

The melting rate (
·

fm) is defined as [37]:

·
fm =

∂ f
∂t

(7)

where h is total enthalpy:
h = hsen + hlat (8)

hsen = hre f +
∫ T

Tre f

cpdT (9)

hlat = f λ (10)

Given the amount of heat absorbed:

Qs = mcp(Tc − Ti) (11)

Ql = mλ f (12)

Q = Qs + Ql (13)

The instantaneous and average rate of thermal absorption are [38]:

·
q =

∂Q
∂t

(14)

q =
∂Qm

∂tm
(15)

2.3. Initial and Boundary Conditions

Initial condition:
t = 0, Ti = 300.15 K (16)

Boundary conditions:

r = R1 = 10 mm, T = Tw = 348.15 K (17)

The non-slip-coupled thermal transfer conditions between fins/PCM are:

Tf in|Ω = Tpcm|Ω (18)
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−λ f in
∂Tf in

∂
→
n

∣∣∣∣
Ω
= −λpcm

∂Tpcm

∂
→
n

∣∣∣∣
Ω

(19)

where Ω accounts for the contact thermal transfer interface between fins/PCM.

3. Numerical Method and Model Validation
3.1. Meshing and Numerical Processes

In this study, the phase transformation process is calculated [39], and the numerical
solution is performed based on the solidification/melting model in Ansys Fluent 2021.
The coupling calculation of pressure-velocity is achieved using the SIMPLE algorithm.
The pressure correction is implemented using the PRESTO! method. The residuals for
the continuity equation, momentum equation, and energy equation are set to 10−5, 10−5,
and 10−8. Grid division is carried out through IECM, and the main fin structures are
obtained as shown in Figure 3. Grid diagrams of the traditional rectangular fin and
six wavy fin structures are provided. The grid is divided using an unstructured mesh, with
quadrilaterals as the main elements and triangles as the auxiliary elements. The mesh is
refined around the fin to ensure accuracy.
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3.2. Grid Independence and Time Step Study

The mesh independence and time step of the Fin-1 structure are verified. Three
different mesh numbers (58,521, 10,478, 20,347) and three different time steps (0.25 s, 0.5 s,
0.1 s) were used. The effects of different mesh numbers and time steps on the liquid phase
rate in the melting process are shown in Figures 4a and 4b, respectively. They show that
the mesh number has little effect on the liquid phase rate, while a significant deviation is
caused by the 0.1 s time step. A good consistency is achieved when the time step is reduced.
Therefore, after careful consideration, a mesh number of 10,478 and a time step of 0.05 s
were selected for subsequent calculations.

3.3. Model Validation

The effectiveness of the numerical process is validated by the correlational study of
Abidi et al. [40] and was used for model verification. The boundary/initial conditions of
the numerical process are adjusted to be consistent with the experiment: the initial PCM
temperature of the paper is 30 ◦C, and the HTF heating temperature is 90 ◦C. The PCM used
is Paraffin RT82, as shown in Table 2. The relationship between experimental and simulated
dimensionless temperatures (T∗ = (T− T0)/(Tm− T0)) in the melting process is compared.
The independent variable of the horizontal axis is dimensionless Fourier number (F0). The
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comparison between experiment and numerical simulation is shown in Figure 5. The results
show that the maximum difference of dimensionless temperature between experimental
and numerical simulation is 3.69%. These results sufficiently demonstrate the accuracy of
the numerical model established in this study.

Sustainability 2023, 13, x FOR PEER REVIEW 7 of 19 
 

  

(a) (b) 

Figure 3. Diagram of grid division: (a) about Fin 1; (b) about Fin 5. 

3.2. Grid Independence and Time Step Study 

The mesh independence and time step of the Fin-1 structure are verified. Three dif-

ferent mesh numbers (58,521, 10,478, 20,347) and three different time steps (0.25 s, 0.5 s, 

0.1 s) were used. The effects of different mesh numbers and time steps on the liquid phase 

rate in the melting process are shown in Figure 4a and Figure 4b, respectively. They show 

that the mesh number has little effect on the liquid phase rate, while a significant deviation 

is caused by the 0.1 s time step. A good consistency is achieved when the time step is 

reduced. Therefore, after careful consideration, a mesh number of 10,478 and a time step 

of 0.05 s were selected for subsequent calculations. 

  

(a) (b) 

Figure 4.  Grid and time step verification: (a) Grid number; (b) time step. 

3.3. Model Validation 

The effectiveness of the numerical process is validated by the correlational study of 

Abidi et al. [40] and was used for model verification. The boundary/initial conditions of 

the numerical process are adjusted to be consistent with the experiment: the initial PCM 

temperature of the paper is 30 °C, and the HTF heating temperature is 90 °C. The PCM 

used is Paraffin RT82, as shown in Table 2. The relationship between experimental and 

simulated dimensionless temperatures ( *

0 0( ) / ( )mT T T T T= − − ) in the melting process is 

compared. The independent variable of the horizontal axis is dimensionless Fourier 

0 1000 2000 3000 4000
0.0

0.2

0.4

0.6

0.8

1.0

f m

t / s

Grid number

 58521

 10478

 20347

0 1000 2000 3000 4000
0.0

0.2

0.4

0.6

0.8

1.0

f m

t / s

Time steps (s)

 0.025

 0.05

 0.1

Figure 4. Grid and time step verification: (a) Grid number; (b) time step.

Sustainability 2023, 13, x FOR PEER REVIEW 8 of 19 
 

number (F0). The comparison between experiment and numerical simulation is shown in 

Figure 5. The results show that the maximum difference of dimensionless temperature 

between experimental and numerical simulation is 3.69%. These results sufficiently 

demonstrate the accuracy of the numerical model established in this study. 

 

Figure 5. Model verification [40]. 

4. Results and Discussion 

4.1. Comparison of Melting Process 

In this section, we investigate the influence of different fin structures on the LHTES 

charging process. We examine the liquid phase fraction and temperature distributions of 

Fin-1~Fin-5 at different time, as shown in Figures 6 and 7. Figure 6 illustrates the specific 

effect of the rectangular Fin-1 on the heat charging process. At t = 60 s, the melted PCM is 

primarily concentrated near the inner tube wall and fin, with a higher melted PCM area 

at the fin root compared to the fin tip. This is attributed to the rapid temperature rise of 

the tube wall and fin caused by the hot fluid during the melting stage, resulting in a higher 

temperature rise rate at the fin root than at the fin tip. The temperature distribution in 

Figure 7 confirms that the temperature at the root of the fin is higher than that at the tip. 

Heat is conducted through the temperature difference between the tube wall, fin, and 

PCM. At t = 300 s, a significant difference is observed between the upper and lower parts 

of the model because of the charging process and gradual enhancement of natural con-

vection. The thermal buoyancy generated by natural convection leads to a slightly 

stronger melting effect in the upper half of the model compared to the lower half. At t = 

600 s and 900 s, it is evident that the unmelted PCM area in the lower part is much larger 

than that in upper. Figure 7 reveals that the lower part of Fin-1 structure has a lower tem-

perature level than the upper part at these times, resulting in the gradual formation of a 

left and right symmetric refractory zone during the melting process. The influence of the 

refractory zone becomes particularly significant in the final stages of melting. At t = 1800 

s and 3000 s, the upper part of the Fin-1 structure has already achieved complete melting, 

while the refractory zone in the lower part delays the completion of melting. 

  

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

T
*

Fo

Dimensionless temperature gradient

 Simulation result

 Al-Abidi et al.

Figure 5. Model verification [40].

4. Results and Discussion
4.1. Comparison of Melting Process

In this section, we investigate the influence of different fin structures on the LHTES
charging process. We examine the liquid phase fraction and temperature distributions of
Fin-1~Fin-5 at different time, as shown in Figures 6 and 7. Figure 6 illustrates the specific
effect of the rectangular Fin-1 on the heat charging process. At t = 60 s, the melted PCM is
primarily concentrated near the inner tube wall and fin, with a higher melted PCM area at
the fin root compared to the fin tip. This is attributed to the rapid temperature rise of the
tube wall and fin caused by the hot fluid during the melting stage, resulting in a higher
temperature rise rate at the fin root than at the fin tip. The temperature distribution in
Figure 7 confirms that the temperature at the root of the fin is higher than that at the tip.
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Heat is conducted through the temperature difference between the tube wall, fin, and PCM.
At t = 300 s, a significant difference is observed between the upper and lower parts of the
model because of the charging process and gradual enhancement of natural convection.
The thermal buoyancy generated by natural convection leads to a slightly stronger melting
effect in the upper half of the model compared to the lower half. At t = 600 s and 900 s, it is
evident that the unmelted PCM area in the lower part is much larger than that in upper.
Figure 7 reveals that the lower part of Fin-1 structure has a lower temperature level than the
upper part at these times, resulting in the gradual formation of a left and right symmetric
refractory zone during the melting process. The influence of the refractory zone becomes
particularly significant in the final stages of melting. At t = 1800 s and 3000 s, the upper
part of the Fin-1 structure has already achieved complete melting, while the refractory zone
in the lower part delays the completion of melting.
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By comparing different wavy fin structures, we find that the melting effect of the three
wavy fins in the Fin-2 structure on the PCM is lower than that of the rectangular Fin-1. At
t = 1800 s and 3000 s, it is evident that the unmelted PCM area in the model is larger than
that in Fin-1. Due to the structural characteristics of the wavy fins, the symmetry pattern
of the left and right sides during the heat-charging process is disrupted, and, overall, the
internal temperature level of the Fin-2 structure at the end of charging is lower than Fin-1.
Therefore, the wavy fin number has a certain effect on the heat charging process of the
LHTES unit. Next, we compare the Fin-3 structure with the Fin-1 structure, with the only
difference being the fin structure. Due to the irregularity of the wavy fin, at t = 600 s and
900 s, the interior of this unit is divided into four different melting structures. However,
the overall melting process is similar to that of Fin-1. At t = 1800 s and 3000 s, it can be
observed that the left and right symmetric structure of the refractory zone changes at 3000 s.
The unmelted PCM area on the left is smaller than that on the right, and the overall area of
the refractory zone is larger than that of the Fin-1 structure at this time. This is because the
area of the refractory zone changes from equal division to unequal division, and the larger
refractory zone area further prolongs the melting time. Therefore, replacing the traditional
rectangular fins with wavy fins does not significantly enhance the melting properties when
the fin number remains the same.
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Furthermore, we further study the Fin-4 structure with five wavy fins and the Fin-5
structure with six wavy fins. At t = 600 s and 900 s, the Fin-4 structure divides the melting
zone into five sections, while the Fin-5 structure divides it into six sections. By comparing
temperature distribution, it is evident that the overall internal temperature level is higher
than that of the Fin-1 structure. Compared to the final stages of melting (t = 1800 s and
3000 s), the Fin-4 structure is like Fin-2 and Fin-3 at t = 1800 s, with the refractory zone
divided into two irregular zones by the new wavy fin, but with a smaller area. At t = 1800 s,
the refractory zone of Fin-5 is mainly divided into three parts with different areas. At
t = 3000 s, it is evident that the refractory zone area of Fin-4 is much smaller than Fin-1,
and the Fin-5 structure has essentially completed melting by this time. Comparing the
temperature gradient, the internal temperature of the wavy fin is not symmetrical like that
of the Fin-1 structure, but the overall temperature level is higher.

4.2. Study of Liquid Phase Rate Parameters

Next, we investigate the specific influence of different fin structures on the heat-
charging performance of this LHTES unit, as depicted in Figure 8. We compare the impact
of these structures on the liquid–phase fraction, average temperature of PCM, melting rate,
and melting time.
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Figure 8. Comparison of: (a) liquid phase fraction; (b) average temperature of PCM; (c) melting rate;
and (d) melting time.
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Figure 8a illustrates the change in the liquid fraction of this unit. It is evident that
the Fin-1 and Fin-5 structures exhibit the fastest increase in liquid phase fraction during
the pre-melting phase (t < 500 s). Conversely, the other three structures with wavy fins
demonstrate a slower evolution of the liquid fraction. This is due to the increased overall
length of the fin due to the application of wavy fins, resulting in a longer heating time of the
fin by the hot fluid during the early melting period. Consequently, the melting influence of
the fin on the PCM is diminished. The Fin-5 structure mitigates this effect by increasing
the number of wavy fins, thereby improving the overall melting performance. Notably,
the Fin-2 structure exhibits the longest charging time, followed by the Fin-3. Figure 8d
provides a comparison of the melting times, revealing that the charging time of Fin-2 and
Fin-3 increased by 31.30% and 13.04%, compared to Fin-1. Conversely, the heat storage
time of the Fin-4 and Fin-5 structures is 4.31% and 11.45% shorter than that of the Fin-1
structure, respectively. Therefore, the use of wavy fins can mitigate the negative impact
of the refractory zone at the end of the heat charging process by increasing fin numbers,
resulting in improved melting performance.

Figure 8b presents a comparison of the PCM average temperature. Temperature
change of the Fin-4 structure closely resembles that of the PCM with Fin-1. Addition-
ally, the Fin-5 structure exhibits superior melting performance, due to a higher overall
temperature of the PCM compared to Fin-1. Figure 8c displays the melting rates. The
Fin-2 structure exhibits the lowest melting rate before 1000 s due to the smaller number
of wavy fins, which significantly reduces the melting effect on the PCM. Conversely, the
Fin-5 structure demonstrates the highest heat charging rate during the early melting stage.
But after t > 1000 s, the melting rate decreases continuously until it approaches 0. This is
attributed to the substantial reduction in the volume of unmelted PCM, the weakening of
natural convection over time, and the dominance of heat conduction as the main melting
process. The charging rate of the Fin-2 structure fluctuates less throughout the overall
melting process and remains low, resulting in the longest melting time. During the early
storage process, by significantly increasing the melting rate, the Fin-5 structure achieves
a substantial reduction in the overall charging time. Specifically, compared to the Fin-2
structure, the Fin-5 structure experiences a 32.56% reduction in charging time after the
addition of three wavy fins. However, due to the model’s inability to account for the
effect of the refractory zone at the end of the heat storage process, the charging rate of all
structures decreases over time, ultimately reaching its lowest point.

4.3. Study on Heat Storage Parameters

The changes in heat storage and heat storage rate during the heat-charging process
are presented in Figure 9. Table 3 provides a comparison of the total heat absorption for
each part during a heat-charging cycle.

Table 3. Different structures correspond to the total different heat absorption during the storage cycle.

Total Sensible Heat Energy Total Latent Heat Energy Total Heat Energy

Fin-1 3378.73231 6195.83858 9574.57088
Fin-2 3355.46861 6229.44 9584.90861
Fin-3 3344.71704 6195.83833 9540.55537
Fin-4 3349.51248 6162.23917 9511.75165
Fin-5 3432.41211 6128.63745 9561.04956
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Figure 9. (a) sensible heat energy; (b) latent heat energy; (c) total heat energy; (d) instantaneous heat
absorption rate; (e) average heat absorption rate.

Figure 9a illustrates the change in sensible absorption of heat energy. The Fin-5
structure, which exhibits the fastest melting rate, also demonstrates the fastest change in
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sensible heat energy absorption. The absorption of latent heat energy is closely linked
to the liquid phase rate. However, because of the varying volume of fins occupying the
unit, there are slight differences in the total latent heat energy at the completion of melting.
Nonetheless, the overall trend is similar to the liquid phase rate depicted in Figure 9a.
The changing trend of total thermal absorption is shown in Figure 9c. During the pre-
melting stage, the fastest change in total heat absorption is observed in the Fin-1 and Fin-5
structures. However, the melting rate of the Fin-1 structure decreases due to the charging
process, and the influence of the refractory zone in the final stage becomes evident. After
t > 1000 s, the change in total heat absorption is lower than that of the Fin-5 structure and
is gradually surpassed by the Fin-4 structure. Table 3 presents the total heat absorption
corresponding to each structure during the charging cycle. Because of the fin’s small size,
the difference in total latent heat energy is negligible. Compared to the Fin-1 structure, the
whole latent heat absorption of the Fin-2 structure decreased by 0.689%, while the total
latent heat absorption of the Fin-5 structure increased by 0.159%. The overall difference was
not significant. The corresponding total thermal absorption of the Fin-2 structure increased
by 0.107% compared to the Fin-1 structure, while the Fin-5 structure decreased by 0.15%
compared to the Fin-1 structure. Figure 9d demonstrates that the initial instantaneous
heat storage rate is the highest for all five structures, followed by a rapid decrease and
stabilization. Among them, the instantaneous rate of heat storage of the Fin-1 and Fin-5
structures is slightly higher than the other three structures. Comparing the mean heat
storage rate in Figure 9e, the average heat storage rate of the Fin-2 and Fin-3 structures
decreased by 23.83% and 11.91%, respectively, compared to the Fin-1 structure. Conversely,
the average heat storage rate of the Fin-4 and Fin-5 structures increased by 3.70% and
12.98%, respectively.

4.4. Study of Temperature Response

The
·

RR (instantaneous temperature response rate) and RR (average temperature re-
sponse rate) are introduced to neat study [41]:

·
RR =

∫ ·
tm

0

1
·

tm

T(ti)− T(ti−1)

ti − ti−1
dt (20)

RR =
∫ tm

0

1
tm

T(ti)− T(ti−1)

ti − ti−1
dt (21)

where T(ti) and T(ti−1) represent the temperature at ti and ti−1, respectively, and
·

tm and
tm is the time at any moment and the whole melting time.

The comparison between the
·

RR and RR is presented in Figure 10. From Figure 10a, it

can be observed that
·

RR rapidly increases to its peak at the initial melting stage and gradu-
ally declines thereafter. The Fin-5 structure consistently exhibits the highest instantaneous
temperature response throughout the entire melting process, while the Fin-3 structure
demonstrates the lowest instantaneous temperature response, which is determined by the
corresponding melting performance of the different structures. Comparing the average
temperature response among different structures in Figure 10b, RR of the Fin-2 and Fin-3
structures decreases by 25.96% and 12.38%, respectively, compared to that of the Fin-1
structure. Conversely, compared to that of the Fin-1 structure, the average heat storage rate
of the Fin-4 and Fin-5 structures increases by 4.16% and 17.78%, respectively. This further
confirms the critical role of the number of fins in the utilization of new wavy fins, as the
temperature response increases with an increase in fin numbers.
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Figure 10. Comparison of: (a) instantaneous temperature response; (b) average temperature response.

5. Conclusions

Latent Heat Thermal Energy Storage technology provides a path for the sustainable
utilization of thermal energy. In this paper, a new wave type longitudinal fin is proposed to
enhance heat transfer in its phase transition process. A two-dimensional numerical model
of the LHTES unit is established, and the effect of the novel wavy fin on the heat transfer
mechanism is revealed. A quantitative comparison is made with conventional rectangular
fins. The main results are as follows:

(1) Compared with the traditional rectangular fin, the wavy fin needs a longer heating
time during the melting process, but it mitigates the negative effects caused by the
refractory zone at the end of the melting phase;

(2) The wavy fin number has a significant effect on its performance. The charging time of
six wavy fins is 11.45% lower than rectangular fins, and the charging time is 32.56%
lower than three wavy fins;

(3) The number of wavy fins has a certain effect on the PCM volume in the LHTES
unit, but the heat absorption change within a melting cycle is almost negligible. The
average heat storage rate of five and six wavy fins is 3.70% and 12.98% higher than
that of conventional rectangular fins, respectively;

(4) The instantaneous temperature response of the LHTES unit corresponding to different
fin structures all increased rapidly to the highest point at the beginning and gradually
decreased. The average temperature response of six wavy fins is 17.78% higher than
that of conventional rectangular fins.

(5) This study only considers the number of three to six wavy fins, and further expansion
of the number of fins is also worth studying. At the same time, the research on the
solidification process of the phase change heat storage unit with the novel fin is also
worth exploring.
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Nomenclature

Abbreviation
LHTES Latent Heat Thermal Energy Storage
PCM Phase Change Material
HTF heat transfer fluid
Symbols
R1 Isobaric specific heat
R2 Thermal conductivity
Li Longitudinal height of fins
di Transverse width of the fin
k Thermal conductivity
cp Isobaric specific heat
Tm Melting temperature
Ts Solidus temperature
Tl Liquidus temperature
Amush Velocity momentum in the paste region
ε A decimal that prevents the equation denominator from being 0
fm PCM liquid fraction
.
f m Melting rate
h Total enthalpy
Qs Sensible heat absorption
Ql Latent heat absorption
Q Total heat absorption
.
q Instantaneous rate of thermal absorption
q Average rate of thermal absorption

.
RR Instantaneous temperature response rate
RR Average temperature response rate
.
tm Time at any moment
tm Whole melting time
Greek symbols
µ Dynamic viscosity
ρ Density
λ Latent heat of fusion
β Volumetric coefficient of thermal expansion
Ω Contact thermal transfer interface
Subscripts
fin Area of fins
pcm Area of PCM
i Initial
w The wall
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