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Abstract: In order to enhance the heat transfer performance of a phase change thermal energy
storage unit, the effects of trapezoidal fins of different sizes and arrangement modes were studied by
numerical simulation in the heat storage and release processes. The optimal enhancement solution
was obtained by comparing the temperature distribution, instantaneous liquid-phase ratio, solid—
liquid phase diagram and comprehensive heat storage and release performance of the thermal energy
storage unit under different fin sizes. During the heat storage process, the results show that when
the ratio of the length of the upper and lower base of the trapezoid & /h; is 1:9, the heat storage
time is shortened by 9.03% and 18.21% compared with iy /hy = 3:7 and 5:5, respectively. During
the heat release process, the optimal heat transfer effect is achieved when h; /hy = 5:5. To further
improve the heat transfer effects, the energy storage unit is placed upside down; then, the least time
is achieved when hy /h, = 2:8. When heat storage and release are considered together, the energy
storage unit with h; /hy = 2:8 takes the shortest time to melt in upright placement and then to solidify
in upside-down placement.

Keywords: phase change thermal energy storage; trapezoidal fin; numerical simulation; heat

transfer enhancement

1. Introduction

With the vigorous development of new energy, phase change heat storage technology
has been widely applied in the development of sustainable energy because it offers stable
energy storage [1-3], small device volume [4-7], and broad temperature adaptability [8,9].
However, the thermal conductivity of phase change materials (PCMs) is usually low;
scholars have improved the heat transfer performance of thermal energy storage units
(TESUs) by modifying the structure of the energy storage devices [10].

The influence of the angle variation of longitudinal fins connected to horizontal pipes
on the melting and solidification characteristics of PCMs was considered by Yuan et al. [11].
The numerical study conducted by Wang et al. [12] shows that, if the spacing between fins
is four times greater than the inner radius of the pipe, the influence of the fin radius on
the heat storage efficiency is not significant. The influence of fin parameters (number of
fins, height, and thickness) was studied by Yang et al. [13]. The optimized parameters for
minimizing the melting time of PCMs around vertical finned tubes were determined to
be as follows: a fin number of 31, a ratio of fin thickness to pipe length of 0.0248, and a
ratio of fin spacing to pipe length of 0.0313. The numerical model of three-dimensional
Y-shaped and T-shaped fractal fins for phase change TESUs, studying the effects of fractal
fins and inlet fluid temperature on the heat storage/release process, was established by
Ren et al. [14]. Upside-down oriented finned tube TESUs were studied by Zhang et al. [15]
while discussing the effects of heat conduction, thermal convection, and secondary flow
on the performance of the thermal storage unit. Research has shown that heat conduction
is the primary mode of heat transfer in smooth tubes, while natural convection leads to
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uneven melting vertically. Furthermore, secondary flow has a significant influence on
the heat transfer process of the TESU. The promoting effect of individual helical fins was
studied by Zonouzi and Dadvar [16]. The enhancement effects of inclined fins on shell-and-
tube TESUs, including different angles of inclination and structural designs of fins, were
investigated by Guo et al. [17,18]. The enhanced heat transfer effects of longitudinal fins
in horizontal shell-and-tube thermal storage devices were investigated by Yang et al. [19].
The results indicate that adding fins enhances heat storage efficiency, and increasing the
number of fins also improves energy storage efficiency, however, it reduces localized
natural convection within the storage unit. The heat transfer performance of double-tube
(DT), triplex-tube (TT), and multi-tube (MT) units was investigated by Janusz T. Ciesliriski
et al. [20]. The melting process of latent heat thermal energy storage with fins of various
irregular shapes and sizes was improved by Farqad T. Najim et al. [21].

In summary, scholars have extensively explored fin-enhanced heat storage enhance-
ment technologies through a combination of experimental and numerical simulation
methodologies. Studies indicate that the trapezoidal structure of fins accelerates the melting
of PCMs near the outlet and reduces the temperature difference across the entire TESU,
enhancing the energy storage efficiency of the storage unit without altering the heat trans-
fer area. Nonetheless, research focusing on trapezoidal fins remains notably scarce in
the literature. This study employs numerical simulation to investigate the influence of
structural parameters and placement strategies of axial trapezoidal fins on the heat transfer
characteristics of phase change TESUs, utilizing paraffin as the PCM. The primary aim
of this research is to provide valuable insights aimed at improving the energy storage
efficiency of heat storage systems.

2. Materials and Methods
2.1. Physical Model

The different distribution of heat along the axial direction in shell-and-tube phase
change heat storage systems results in uneven melting of the PCM within the storage
unit. In order to accelerate the melting of PCM near the outlet and reduce the temperature
difference across the entire TESU, a trapezoidal structure of fins varying along the axial
direction was designed. This design aims to enhance the energy storage efficiency of
the unit while keeping the heat transfer area unchanged. Figure 1 shows the structural
sketch of the model. In the model, the inner tube is a copper pipe with a diameter of
18 mm and a wall thickness of 1 mm. There are four longitudinal trapezoidal fins made
of copper distributed along the circumference of the outer wall of the inner tube, and the
outer tube radius R is 50 mm. The height of the model, D, is 100 mm. Considering the
computational workload and the symmetric nature of the TESU, one quarter of the entire
structure was selected as the computational domain. Water is used as the heat transfer
fluid (HTF). This study found that the flow direction has a very weak influence on the
heat transfer performance; thus, the HTF is set to circulate from top to bottom as shown
in Figure 1b, which is applied to all simulations in this study. The structural design of
the trapezoidal fins depends on the location of the heat transfer deterioration zone. Due
to natural convection, during the melting process, the hard-to-melt zone is at the bottom,
while during the solidification process, the hard-to-solidify zone is at the top. Therefore,
the fin structures should be tailored according to specific circumstances.
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Figure 1. Physical model of the trapezoidal fin TESU; (a) structural sketch of the model; (b) cross-
section diagram.

2.2. Mathematical Model

Using the enthalpy-porosity method, the melting process of PCM was simulated based
on discrete computations on a fixed grid. The commercial program ANSYS FLUENT 2022
R1 from ANSYS, Inc., San Diego, CA, USA was used in this study. As PCM melts, the
porosity of the porous region increases from 0 (solid) to 1 (liquid). The liquid PCM in the
cavities is treated as a Newtonian incompressible fluid. Viscous dissipation of the liquid is
neglected, and there is no contact thermal resistance between the fins and the wall surfaces.
Based on these assumptions, the governing equations for PCM are as follows:

The continuity equation is

N
ap—kV(pU) =0 1)
ot

The momentum equation is

(1-1)
L3496
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where, a represents velocities in the x, y, z directions, (m/s), p represents density of PCM,
(kg/m3), Bpcy represents thermal expansion coefficient of PCM, g represents gravitational
acceleration, (m/s?), T represents temperature of PCM, Ty, represents melting temperature
of PCM, (K), A;,.s1 represents constant of the mushy zone, (10° kg/ m3s) [22,23], L represents
the liquid portion within TESU, defined as

L=0  ifT<T;
L=1=p ifTi<T<T ®)
L=1 ifT>T

where, T represents solidus temperature of PCM, T} represents liquids temperature of PCM.
The energy equation is

d(pH)
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where, H represents total enthalpy of PCM, (J), k represents thermal conductivity of PCM,
[W/(m-K)], the total enthalpy of the material can be defined as the sum of latent heat AH
and sensible heat h

h = fpop + fTTmf cpdT

)
H=h+AH

where, T} represents reference temperature, (K), /¢ represents reference enthalpy of PCM
at reference temperature, (J), AH represents the latent heat value in kJ/kg, ranging from 0
(solid PCM) to Q (liquid PCM), and Q represents latent heat of PCM from solid to liquid.

AH =LQ (6)

2.3. Boundary Conditions and Computational Settings

In this study, paraffin serves as the PCM, with the fins made of copper. Water is used
as HTF in the numerical simulation. The physical properties of the materials are shown in
Table 1. The water inlet temperature is 353.15 K, with a mass flow rate of 0.01109x kg/s
(equivalent to a volumetric flow rate of 40 L/h). The initial temperature of the PCM during
the melting process is 288 K, with a free outflow outlet. For the solidification process, the
initial temperature of PCM is 353.15 K, the water inlet temperature is 288 K, and the mass
flow rate inlet is 0.01109 kg /s (equivalent to a volumetric flow rate of 40 L/h), with a free
outflow outlet. The outer tube wall and both end faces are adiabatic.

Table 1. Physical properties of materials.

Parameters Paraffin Copper
solidus temperature/K 322.36
liquidus temperature /K 334.14
latent heat of fusion/(J/kg) 142,716.3
density/(kg/m3) 902.2 8430
specific heat capacity/(J/ (kg-K) 2300 375
thermal conductivity of the solid phase/(W/(m-K)) 0.2437 108.86
thermal conductivity of the liquid phase/(W/(m-K)) 0.177
dynamic viscosity/(kg/(m-s)) 0.00324
thermal expansion coefficient/ (K1 0.005

Double precision computation is employed. The pressure-velocity coupling adopts the
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm, which uses the mu-
tual correction relationship between pressure and velocity to enforce mass conservation and
obtain the pressure field, and the pressure differences are calculated by the PRESTO (Pressure
Staggering Option) scheme, which uses the discrete continuity balance for a staggered control
volume about the face to compute the staggered pressure. The energy and momentum equa-
tions are numerically computed using the fast difference method and second-order implicit
transient method, respectively. The convergence residual values for the continuity equation,
momentum equation, and energy equation are set to 10~#, 10~% and 10~°, respectively. The
maximum number of iterations within each time step is set to 500.

2.4. Mesh Independence and Model Validation

To ensure the accuracy of the calculations, the influence of grid size and time step on
the research results needs to be accounted for. Therefore, this study compares calculations
using five different grid densities (96,652, 153,788, 244,300, 375,868, and 667,000 grids) for
the model structure with hy /hy = 1:9, as well as five different time steps (1.0s,0.5s,0.2 s,
0.1s, and 0.01 s) as shown in Figure 2. After considering both the computational workload
and accuracy, a grid count of 244,300 and a time step of 0.1 s were selected.

Figure 3 shows the physical model from Ref. [24], which is used to validate our simula-
tion method in this study. This PCM latent heat thermal energy storage system is composed
of cylindrical annuluses with fins, and RT82 is used as the PCM. The initial temperatures
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of the melting and solidification processes are 300.15 K and 363.15 K, respectively, and
the temperatures of the inner tube for melting and solidification processes are 363.15 K
and 338.15 K, respectively. The evolution of the liquid phase fraction over time during the
melting and solidification processes is presented in Figure 4. By comparison, it is evident
that the trends in the evolution of the liquid phase fraction over time are consistent with the
literature, and the maximum error in the experiment does not exceed 3%, thus providing
sufficient evidence for the reliability of the numerical model and methodology in this study.
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Figure 2. Grid independence verification.

Figure 3. Model of the validated literature [24].
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Figure 4. Model validation [24]; (a) the melting process; (b) the solidification process.
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3. Results and Discussion

This study investigated the melting and solidification characteristics of PCM within
TESU. Additionally, it explored the influence of different ratios of trapezoidal fins” upper
and lower bases (h1/hy = 1:9, 3:7, and 5:5) and the orientation (upright and upside-down)
of the TESU on their phase change processes.

3.1. Melting Process

Figure 5a presents the phase diagrams of solid-liquid distribution for the TESU
with three different fin structure sizes (h1/hy = 1:9, 3:7, and 5:5) at different time points.
Meanwhile, Figure 5b depicts the instantaneous liquid phase fractions inside the TESU
with five different fin sizes (1 /hy = 1:9, 2:8, 3:7, 4:6, and 5:5).
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Figure 5. Liquid fraction distribution in melting process; (a) solid-liquid phase diagram; (b) instanta-
neous liquid phase fraction.

In Figure 5a, at t = 300 s, the melting rate of 111 /hy = 5:5 surpasses the others, exhibiting
a contour resembling a quadrilateral, influenced by the fins. At this point, the instantaneous
liquid phase fraction of hy /hy = 5:5 exceeds that of iy /hy = 1:9 and hy/hy = 3:7 by 5.71%
and 2.80%, respectively. By t = 600 s, the top PCM melting rate of the k1 /hy = 1:9 structure
remains relatively slow. By t = 1200 s, the top PCM of all three TESUs has nearly entirely
melted, albeit with the /1 /hp = 1:9 unit retaining a small amount of unmelted PCM. Partic-
ularly notable is at ¢ = 2400 s, where the instantaneous liquid phase fraction of k1 /hy = 1:9
reaches 98.86%, exceeding the other structures by 3.92% and 3.52%, respectively. This is
attributed to the larger area of lower fins in the /11 /hy = 1:9 unit, enhancing heat transfer and
accelerating the melting rate. At this moment, only 4.14% of PCM remains incompletely
phase changed in the hy /hy = 3:7 unit, while the h; /hy = 5:5 structure retains 7.84%.

In summary, characterized by shorter fins near the inlet, the TESU with fin dimensions
of Iy /hy = 1:9 exhibits a slower initial melting rate. However, accelerated melting of PCM
in the middle and lower sections is facilitated by the larger area of fins. As a result, this
structure completes the melting process the fastest, taking a total of 2568 s.

3.2. Solidification Process
3.2.1. Upright Placement of TESU

Figure 6 shows the temperature distribution at various time points for TESUs with
different fin sizes when uprightly placed in the solidification process. At t =100 s, the
temperature distribution for TESUs with different fin sizes is similar, and the instantaneous
liquid phase fraction for each structure is around 90%. By t = 300 s, the h; /hy = 1:9 structure
exhibits the highest temperature at the top, with a temperature of 347 K on the first cross-
section, while the iy /hy = 3:7 and hy /hy = 5:5 structures have a maximum temperature
of approximately 343 K on the first cross-section. This is due to the h; /hy = 1:9 structure
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having fewer fin extensions near the inlet, leading to an increased heat transfer distance.
Simultaneously, the upward movement of heat causes heat accumulation at the top of the
structure. The average temperature for all three TESUs is around 330 K, and the liquid
phase fraction for each is around 74%.
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Figure 6. Temperature distribution and liquid fraction in solidification process; (a) temperature field
distribution; (b) instantaneous liquid phase fraction.

At t =1000 s, the temperature difference between the top of the TESU with hy /hy = 1:9
and those with hy /hy = 3:7 and 5:5 structures is relatively small. However, the maximum
temperature difference at the bottom can reach up to 5 K. This is because the influence
of fin dimensions near the inlet on the solidification process gradually decreases with
time, while the material properties of PCM gradually become the primary influencing
factors. Therefore, the maximum temperature difference at the upper part of the structures
gradually decreases. In the lower part of the TESU, the solidification rate of PCM is mainly
determined by the size of the heat transfer area. The 11 /hy = 1:9 structure has a larger heat
transfer area in the lower part, resulting in a faster heat exchange rate. Consequently, the
maximum temperature at the bottom of the TESU with this size is significantly lower than
that of the other structures. In terms of average temperature, the TESU with h; /hy = 1:9 has
an average temperature of 332 K at the first cross-section, while the unit with h; /hy = 5:5
has a temperature of 327 K at the same cross-section. Moreover, the former has an aver-
age temperature of 307 K at the fifth cross-section compared to approximately 314 K for
the latter.

When the fin structure is b1 /hy = 1:9, the temperature difference in the lower part
of the TESU increases, accelerating the solidification of PCM. Additionally, when the fin
structure is h1 /hy = 5:5, the temperature difference in the upper part of the TESU increases,
also promoting solidification. Comparing with Figure 6b, it can be observed that the
liquid phase fraction of the TESU with k1 /hy = 1:9 is the largest among the three, reaching
41.68%. This phenomenon is still observable at 3000 s, but at this time, the overall average
temperature of the TESU is lower when the structure is k1 /hy = 5:5, at 302 K. Comparing
the instantaneous liquid phase fractions in Figure 6b, it can be found that the TESU with
hy/hy = 5:5 completes the solidification process the fastest, taking only 3595 s, which is
37.64% shorter than the time required for the TESU with hy/h; = 1:9. The TESU with
hi/hy = 2:8 takes the longest time to solidify, totaling 5830 s, which is 62.17% longer than
the solidification time of the TESU with Ky /hy = 5:5, and the TESU with hy /hy = 2:8 has the
most liquid phase fraction throughout the entire solidification process. Compared with
the TESU with hy /hy = 1.9, although the TESU with h; /hy = 2:8 has a better promotion
effect in the upper part of the structure, the latter has a better enhancement effect on the
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lower part of the TESU. In summary, the TESU with hy /hy = 1:9 slightly outperforms in the
solidification process, with an improvement of about 1%.

3.2.2. Upside-Down Placement of TESU

Due to the effect of gravity, heat tends to accumulate at the top of the TESU. Placing
the TESU upside down increases the heat transfer area at the top, facilitating the timely
dissipation of accumulated heat and the solidification of the PCM in the top region.

Figure 7a shows temperature distributions at different time points for the upside-down
placed TESU, while Figure 7b illustrates the variation of instantaneous liquid fraction for
different structural configurations. At f = 100 s, the temperature distribution in the TESUs
with hy /by ratios of 1:9, 3:7, and 5:5 shows relatively small differences, increasing gradually
from bottom to top and from inside to outside. At this moment, the liquid fractions of all
three configurations are around 90%, indicating that their solidification rates are essentially
consistent. Although the temperature differences inside the storage units vary among
different structures at this point, the values and directions of the temperature differences
between the upper and lower parts of the storage units are close and opposite to each other.
Consequently, overall, these differences cancel each other out, resulting in similar overall
average temperatures for the storage units.
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Figure 7. Temperature distribution and liquid fraction in the solidification process when the TESU is
placed backward; (a) temperature field distribution; (b) instantaneous liquid phase fraction.

At t = 1000 s, the storage unit with 1 /hy = 1:9 exhibited a phenomenon where
the average temperature of the fifth section exceeded that of the first section, while for
the other two structures, the average temperature of the first section remained higher
than that of the fifth section. At this point, the temperature differences between the two
sections for the h;/hy = 1:9 and 5:5 storage units began to increase, and the former’s
liquid phase fraction was smaller than the latter’s by about 2%. The heat transferred
from the upper part of the storage unit through the fins to the cold fluid was greater than
the heat climbing from the lower part to the upper part due to gravity, resulting in an
occurrence where the average temperature of the upper part was lower while that of the
lower part was higher. This condition also facilitated the rapid solidification of the PCM
in subsequent stages. By t = 3000 s, the storage unit with 1y /hy = 3:7 also exhibited the
phenomenon where the average temperature of the fifth section exceeded that of the first
section, but the temperature difference between the two sections was smaller compared
to that of i1 /hy = 1:9 at this time, accounting for only 18.40% of the latter’s temperature
difference. According to Figure 7b, at this point, the storage units with h; /hy = 2:8 and
3:7 had completed the solidification process, taking 2856 s and 2958 s, respectively. This
represented a reduction of 20.6% and 17.76% in time compared to the storage unit with
hl / hz =5:5.
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3.3. Comprehensive Thermal Energy Storage and Release Performance

The impact of various fin configurations on the TESU varies, with one of the criteria
for assessing their effectiveness being the duration of thermal storage and release. Figure 8
presents the statistical analysis of thermal storage and release durations for the TESUs
under different placement configurations. In Figure 8a, the storage units are placed in the
upright position during both the melting and solidification processes. It is evident from
the graph that the unit with an aspect ratio of h; /hy = 1:9 exhibits the shortest melting
duration, while its solidification time ranks second highest. Conversely, the unit with an
aspect ratio of iy /hy = 5:5 demonstrates the shortest solidification duration, yet it requires
the longest time for melting. Consequently, the unit with an aspect ratio of h; /hy = 5:5
shows the shortest overall thermal storage and release duration. In Figure 8b, the units
are arranged in the upright position during the melting process and in the upside-down
position during solidification. The unit with an aspect ratio of k1 /hy = 2:8 exhibits the
shortest solidification duration, in contrast to the upright placement, where this structure
ranks second. Interestingly, the unit with an aspect ratio of ;/hy = 5:5, which is the
fastest in melting under upright conditions, becomes the slowest under the upside-down
placement. Comparing the two placements, the unit with the shortest thermal storage
and release duration in the second arrangement saves 17.62% of the time compared to its
counterpart in the upright position and reduces the duration by 34.90% compared to the
slowest structure in the upright arrangement. These results indicate that the performance
is consistent between the two structures, with only the placement method differing.

9000 9000

[ heat release during solidification
[ heat storage during melting

[ heat release during solidification
8000 [ [ heat storage during melting

7000

6000

1:9 2:8 37 4:6 5:5 1:9 2:8 3.7
hy/h, h,/h,

(@) (b)
Figure 8. Comparison of heat storage and release time of the TESU; (a) heat storage and release time

when TESUs are placed in the upright position; (b) heat storage and release time for TESUs with
melting in the upright and solidifying in the upside-down position.

4:6 5:5

4. Conclusions

The simulation investigated the influence of trapezoidal fin sizes (h1 /hy = 1:9, 2:8, 37,
4:6, 5:5) on the thermal energy storage and release process of the TESU, as well as the effects
of different placement configurations (upright and upside-down) on the solidification
process of the storage unit. The main conclusions are as follows:

1. During the melting process, the fin structure with h;/hy = 1:9 exhibited the most
optimal enhancement in heat transfer for the storage unit, resulting in a reduction of
the melting time by 18.24% compared to the structure with h; /h; = 5:5;

2. During the solidification process, when the storage unit was upright, the structure
with hy/hy = 5:5 enhanced heat transfer best, resulting in a decrease in the heat
storage time by 37.64% compared to the unit with /11 /h; = 1:9. Conversely, when the
storage unit was placed upside-down, the unit with /; /hy = 2:8 demonstrated the
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best enhancement in heat transfer, resulting in a reduction of the heat storage time by
20.6% compared to the unit with h; /hy = 5:5;

3. When heat storage and release are considered together, the unit with h;/hy = 5:5
shows the shortest overall energy storage and release time, with the energy storage
unit placed in the upright position during both melting and solidification processes.
The energy storage unit with h; /hy = 2:8 takes the shortest time to melt in the upright
placement and then to solidify in the upside-down placement.
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