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HIGHLIGHTS

e Novel fin configurations to enhance phase change material charging performance.
o Efficient melting performance is achieved in thermal energy storage systems.

o Effect of fin structures on PCM melting performance was analysed.

e PCM melting performance is improved by 66% with the novel fin configurations.
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Phase change material (PCM) has promising applications as an energy storage material in thermal energy storage
(TES) systems. However, the low thermal conductivity of PCM limits its applications. To reduce the response time
of TES systems, various configurations of fins are used to improve the heat transfer performance of PCM. The Y-
Melting performance structured fins utilize the Y-structure, a common structure in nature, and this study investigates the different
Fin configuration structures of Y-shaped fins and the effect of HTF on melting time. A numerical research method based on the
PCM enthalpy-porosity method is adopted used for the study. The numerical model of the study is validated using
previous experimental data. The simulation results have been obtained, including solid-liquid interface contours,
isotherm contours, and evolution of the PCM liquid fraction. The results show that the melting process of the
PCM is divided into three main stages and integrated solid fins within the PCM effectively reduce the melting
time. Under certain operating conditions, reducing the fin thickness, increasing the fin angle, and increasing the
HTF temperature can effectively reduce the PCM melting time. Transient heat transfer rates and dimensionless
quantities are analyzed based on numerical results. This study provides potential applications of novel fin
structures for new industrial products related to thermal energy storage and management.

source of energy that has been heavily promoted in the industry due to
its wide distribution and pollution-free characteristics.

1. Introduction

The most significant source of energy for humans is fossil fuels, such
as coal, oil and natural gas, the use of which has driven the progress of
human civilization since industrialization. However, due to the non-
renewable characteristics of fossil fuels, their reserves are now being
gradually depleted. The exploitation of renewable energies has become
one of the current research hotspots. Solar energy is a clean, renewable
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One of the main methods of utilizing solar energy is to convert it into
thermal energy for use. However, its application is limited by the natural
environment such as circadian and weather conditions. Efficient energy
storage is an essential research objective for solar energy consumption.
In the thermal industry, thermal energy storage (TES) has received wide
attention from researchers as an essential solution for managing the
balance between energy supply and energy demand [1]. In particular,

E-mail addresses: yanyang2021@outlook.com (Y. Yang), c.wen@exeter.ac.uk (C. Wen).

https://doi.org/10.1016/j.apenergy.2022.120064

Received 18 April 2022; Received in revised form 23 September 2022; Accepted 26 September 2022

Available online 7 October 2022

0306-2619/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:yanyang2021@outlook.com
mailto:c.wen@exeter.ac.uk
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2022.120064
https://doi.org/10.1016/j.apenergy.2022.120064
https://doi.org/10.1016/j.apenergy.2022.120064
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2022.120064&domain=pdf
http://creativecommons.org/licenses/by/4.0/

P. Yan et al. Applied Energy 327 (2022) 120064
Nomenclature T solidus temperature [K]
t time [s]
a/b/w fin length [m] tm melting time [s]
C model constants tref finless case melting time [s]
[ specific heat capacity at constant pressure [J/kg.K] u fluid velocity in x direction [m/s]
Fo Fourier number % fluid velocity in y direction [m/s]
g gravity constant [m/s?]
H latent heat [J/kg] Greek symbols
k thermal conductivity [W/m.K] p thermal expansion coefficient [1/K]
L total fin length [m] € modell const.ants .
L non-dimensional number for fin length 0- n'on-dlrnenswnal fin angle
P pressure [Pa] 0 ﬁn angle [O].
Ry hydraulic radius [m] Oref finless case fin angle [°]
" inner radius [m] A local liquid fraction
ry outer radius [m] u dyna.mic viscogity [Pa.s]
Sfin fin surface area [m?] 14 d'en51ty [kg/m"] .
Sube annular surface area [m?] @ fin surface area fraction
T temperature [K]. Subscripts
Turr heat transfer fluid temperature [K] HTF heat transfer fluid
T liquifius temperature [K] PCM phase change material
T melting temperature [K] TES thermal energy storage
Trep reference temperature [K]

phase change material (PCM), a kind of low price and stable perfor-
mance material, has a higher thermal energy density per unit volume/
mass than other heat storage materials, and is suitable for various en-
gineering applications across a wide temperature range. It is widely used
not only in the field of solar thermal storage [2], but also in a
photovoltaic-thermal system [3], building windows [4], building walls
[5], air conditioners [6], unmanned underwater vehicles [7], and
thermal management [8,9].

However, PCM suffers from low thermal conductivity, severely
affecting its response time and limiting its applications. PCM materials
are used in double-tube TES systems traditionally, whereas triplex-tube
TES systems can provide a larger heat transfer area and increase the
melting rate. This system consists of three concentric copper tubes with
heat transfer fluid (HTF) flowing through the inner and outer tubes. The
remaining annular space in the two tubes is filled by the PCM. Some
studies have ignored the effect of natural convection on heat transfer
[10], but for most cases this triplex-tube TES system is installed hori-
zontally, making natural convection play an important role in the heat
transfer process.

In a triplex-tube TES system, the melting rate of the PCM material
determines the application requirements. The melting rate of the PCM is
influenced by the HTF, such as the mass flow rate of the HTF, type of
HTF, and the inlet temperature of the HTF [11]. Moreover, the material
used in the production of the TES system will influence the entire heat
exchange process. In addition, the thermal conductivity of the PCM in
the tube is a very important influence on the PCM melting rate.

To improve the thermal conductivity of PCM in TES systems, re-
searchers have developed several methods. Examples include adding
fins [12], inserting heat pipes [13], adding nanoparticles [14-16] and
adding metallic foams [17-19]. Compared to other methods, the method
of using fins to increase the heat transfer area is not only easier to install,
but also reduces the difficulty of maintaining the system later, making it
the most popular method for engineering applications.

There are two main ideas centred on optimizing the thermal con-
ductivity of the fins, minimizing the amount of material and increasing
the contact area of the intended component [20]. To enhance the ther-
mal conductivity of PCM, researchers have designed various shapes of
fins, such as linear fins [21], the combined fractal fins [22], helical fins
[23], tee fins [24], L-shaped fins [25], longitudinal with horizontal fins
[26], triangular fins [27], and Y-shaped fins [28]. The application of

numerical simulation methods in recent years has greatly contributed to
the output of such research. The suitable fin structure has proven to be a
massive contributor to heat transfer and the continuous search for new
fin structures is a constant goal for researchers.

Many studies of fin construction are focused on fixed forms of fins
[29,30], but the fact is that different geometries of the same form of fins
can also have a significant impact on the heat transfer performance.
Sheikholeslami et al. [31] studied the influence of different angles of V-
shaped fins on heat transfer, simulation results showed that discharging
rate augments with the rise of the angle of V-shaped fins. Deng et al. [32]
tried placing two fins below the horizontal tube and analysed the effect
of the arrangement on heat transfer. Mahdi et al. [33] investigated by
arranging multiple fins underneath the horizontal tube. For complex
fins, Sciacovelli et al. [28] optimized the angle of the Y-shaped fins
regardless of natural convection. Yao and Huang [34] optimized the fin
width on a new type of triangular fin. The results of the researchers’
optimization of complex fins showed that the effort was very valuable.
In addition, changing the arrangement of the fins [35] and the position
of the inner tubes [36] has been proven to be an effective method of
increasing the heat transfer rate.

This paper includes the following novel contributions. Firstly, Y-
shaped fins have been proven to be effective in promoting heat transfer.
But Y-shaped fins have not been used to enhance the melting of phase
change materials (PCM) in triplex-tube latent heat energy storage sys-
tems in previous studies. This study analyses the enhancement of the
melting process provided by the novel Y-shaped fins. In addition, as the
structural parameters of Y-shaped fins are more complex compared to
straight fins, the effect of different parameters on the heat transfer
performance is analysed using the control variates method in a triplex-
tube latent heat energy storage system. Complex-shaped fins may
enable future products to put into industrial applications to perform
even better.

2. Numerical approach of PCM energy storage system
2.1. Physical model
Fig. 1 (a) shows a cross-section of the triplex-tube TES system with Y-

shaped fins used in this study. The heat exchanger is 500 mm in length
and is placed horizontally. The TES system consists of three concentric
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(a)

Fig. 1. Two-dimensional view of the triplex tube: (a) the physical domain and (b) the computational domain.

copper tubes with diameters of 50.8, 150 and 200 mm for the inner,
middle, and outer tubes respectively. The thickness of both the middle
and outer tubes of the TES system is 2 mm, while the thickness of the
inner tube is 1.2 mm. The three flow channels of the TES system are
filled with HTF, PCM and HTF from the outside to the inside, respec-
tively. The PCM material for this study is RT82 and the HTF is water. Not
only does the RT82 material have no super cooling effect, but it also has
an almost infinite lifetime and is therefore used as the PCM material for
this study. The thermophysical properties of RT82 are mentioned in
Table 1 [37]. The Y-shaped fins are placed evenly in the tubes and the
detailed dimensions of the fins are provided in Table 2. The fin cross-
sectional area remains consistent in all cases in this study. The fin sur-
face area fraction (¢) is adopted as 0.02 because such a ratio has shown
good results in previous studies [19]. The Y-shaped structure is common
in nature [38] and its application is expected to improve the heat
transfer effect. The computational domain for this study is shown in
Fig. 1 (b). To save computational resources, half of the pipe cross-section
is used as the computational domain in this study, considering the
gravity and natural convection effects.

2.2. Governing equations and assumptions

In this study, an enthalpy-porosity model is adopted, which is widely
used to simulate PCM melting processes [11]. The model considers the
phase change region as porous and the local liquid fraction of the PCM is
considered to be equal to the porosity. At a porosity of 0, the material is
solid and at a porosity of 1, the material is liquid.

In the enthalpy-porosity model, the equations governing the fluid
motion and temperature distribution in the tube are governed by the
following equations:

Table 1
The thermophysical properties of the PCM and fins [37].
Property RT82 Copper
p [kg/m°] 770 8920
% [J/kg.K] 2000 381
k [W/m.K] 0.2 387.6
u [Pa.s] 0.03499 -
H [J/kg] 176,000 -
Ts [K] 350.15 -
Ty [K] 358.15 _
pI1/K] 0.001 _
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(b)

Table 2
The geometrical dimensions of the computational domain.
Case # a (mm) b (mm) w (mm) 0(°) Tarr (K)
1 15.44 30.88 0.5 30 363
2 15.44 30.88 0.5 60 363
3 15.44 30.88 0.5 90 363
4 7.72 15.44 1 90 363
5 3.86 7.72 2 90 363
6 7.72 15.44 1 30 363
7 7.72 15.44 1 60 363
8 3.86 7.72 2 30 363
9 3.86 7.72 2 60 363
10 15.44 30.88 0.5 30 368
11 15.44 30.88 0.5 60 368
12 15.44 30.88 0.5 90 368
13 15.44 30.88 0.5 30 373
14 15.44 30.88 0.5 60 373
15 15.44 30.88 0.5 90 373
Continuity equation:
dp  dlpu)  dpv)
— =0 1
o Tox oy W
Momentum equations:
o(pu)  O(puu) 0d(pvu) dp 0 [ Ou 0 ( ou
= 4 — (=) +=— =~ A 2
a o Ty T \Max) Toy ) T &
d(pv) O(puv) d(pvv) op 0 [ ov 0 ( odv
= 4 (pu=)+=—(pu=)+vA T-T,
a o gy oy Tax \Pax) oy \Hgy ) Tt eepT =)
3
where A can be calculated by porosity function [39].
(1-2)°
A= -C 4
Pte @

where 1 is the liquid fraction during the melting process of the PCM,
which can be defined.

0 , T < Ty
A=q (T-T)/(Ti - T) LT, <T<T, 5)
1 7T>T[

where C is the mushy zone constant, which is used to control damping
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and is set here as C = 10° kg/s.m>, ¢ is a minimal value, used to prevent
the denominator from reaching O, here it is set as ¢ = 0.001.
Energy equation:

d(ph) d(puh) d(pvh) 9 ( OT 0 ( oT
a o oy a\Far) oy Koy ©
where h is defined as follows:
.
/ cpdT , T<T;
Trer
T
h= / ¢,dT + AH LT, <T<T, @)
T\'ef
Ty T
/ deT+H+/ c,dT , T>T,
Thef T

where T can be calculated using the following equation [40].
T=MT—-T)+T, (8

The widths of the fins studied in this paper are equal everywhere and
the expression for the area of the fins is,

Spin = 8w(a + b) ()]
The expression for the annular area between the two tubes is,

Sube = ﬂ(r§ — r,z) (10)
The percentage of fin area is,

_ 8w(a+b)
GG b

_ Sm
N tube

The formula for calculating the length dimensionless quantity
defined in this paper is,
L 2
Ry ry =
The non-dimensional angle is defined as the ratio of the operating fin
angle to the reference angle.

0
6 =

eref (13)

The Fourier number (Fo) is the ratio of the heat transfer rate to the

heat storage rate. In this research, the Fourier number is used to

represent the non-dimensional melting time. The reference time is

defined as the complete melting time in finless condition. The formula
for calculating the Fourier number is,

1,
Fo,, = i

m

14

The following assumptions are used in this study to simplify the
research model: (1) liquid-phase PCM flow is transient, laminar and
incompressible; (2) temperature change in HTF is negligible; (3) ther-
mophysical properties of the PCM are constant over the operating
temperature range and the density of the PCM is governed by the
Boussinesq assumption; (4) The volume change, external wall heat loss
and radiative heat transfer during the phase change of the PCM are
negligible; (5) no-slip condition for velocity presents at the boundary.

2.3. Boundary conditions and simulation methods

In the calculation domain, the initial state temperature of the PCM is
300 K. During the calculation, the temperature of the HTF is constant at
363, 368 and 373 K, respectively. Commercial software ANSYS-Fluent
2022R1 is used for the simulation. The SIMPLE algorithm is adopted
for the pressure-velocity coupling and then PRESTO! The scheme is
adopted for the pressure correction equation. The detailed procedure of
the numerical methodology can be access from the previous reported
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studies by the author, Arshad, et al. [8].

2.4. Model validation

Three grid schemes with grid numbers 16117, 49,908 and 80,258
have been investigated to predict the variation of liquid fraction with
time for the computational domain in the no-fin condition. The calcu-
lation time step of 0.3 s is chosen to obtain a stable solution for the
investigated working conditions. The results of the calculation are
shown in Fig. 2. It can be seen that the computational results for grid
number 16,117 are significantly different from those for the other two
grid numbers. Considering the computational resources, the case of grid
number 49,908 is adopted for this study.

The simulation model in present study was validated using previous
reported experimental data from Al-Abidi et al. [41] and the simulation
uses the same initial conditions and boundary conditions as the exper-
iment. As can be seen in Fig. 3, the simulation model shows the good
agreement with experimental data, indicating that the present model
can be used for the study of melting enhancement in the TES system.

3. Results and discussion

Numerical simulation is an efficient tool to analyse the thermal
behaviour of phase change materials, which has been widely used in
evaluation the melting process [42-44]. A series of numerical simula-
tions are carried out for the TES system studied in this research and
results such as isotherms, solid-liquid interface distribution and tran-
sient liquid fraction are presented. In this study, the initial state of the
entire PCM is all solid, and after being heated from the wall, the entire
PCM gradually melts into a liquid. This section describes the phenomena
observed.

3.1. Evolution of the solid-liquid interface

A series of numerical studies have been carried out for different
cases. The evolution of the solid-liquid cross-section at different stages
of the melting process with different angles of the Y-shaped fins is shown
in Fig. 4. In the first stage (t < 10 min), the melting structure of the Y-
shaped fins is similar. There is a PCM melt layer along the wall surface as
well as along the edges of the fins, but the low thickness of the melt layer
results in the main heat exchange method being heat conduction. And
since the fin temperature decreases as the position to the root increases,
the end of the fin melts to a lesser extent. At this time, the angle of the

0.8
/("
0.6 | -
f’,
(=} ’//
=] ya
g >
2 -
— 7,
= 04| 2
2 %
= Y
R=) 7
— 2
P
0.2 ) 4 —N=16117
‘ —eme N=49908
- - - N=80258
0.0 1 1
0 10 20 30
Time (min)

Fig. 2. Grid independences study.
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Fig. 3. Comparison of average temperature obtained from present work and
experiment data from Al-Abidi et al. [41].

fins has less effect on melting. In the second stage (10 min < t < 30 min),
the thickness of the melt layer increases, the solid-liquid interface starts
to become deformed, and part of the liquid starts to convert along the
area divided by the fins under the influence of buoyancy, this convection
movement causes the melting rate to accelerate above the interior of
each area divided by the fins. During this stage, the fins effectively
transport heat to each zone and prevent any mixing of the individual
solid PCMs. In the lower part of the solid PCM, the convective fluid
motion impact on the solid PCM causes it to be deformed. The splitting
effect becomes more uniform as the angle of the fins increases, and so
does the melting rate. As time passes (¢t > 30 min), the molten liquid
gradually increases and occupies most of the space. As the fins still
restrict the movement of the solid PCM, it can be found that the
remaining solids are still separated by the fins. Due to the low density of
the liquid PCM, the buoyancy effect causes the heat fluid to flow in the
upper portion of the entire annular channel. The lower half of the solid
PCM melts at a slower rate compared to the upper half of the solid PCM
while the whole PCM deposits in the lower part of the liquid. The phe-
nomenon remains until the solid is completely melted.

Fig. 5 shows the evolution of the solid-liquid cross-section at
different stages of the melting process with different thicknesses of Y-
shaped fins. Since the area of the annular space occupied by the fins is
fixed, the PCM mass is the same in several cases. The surface area and
extension length of the fins vary due to the thickness of the fins, and it
can be seen that a 0.5 mm thick fin divides the solid PCM evenly and has
the largest heat dissipation area, and therefore melts the PCM
completely rapidly. A 2 mm thickness fin not only makes it difficult to
conduct heat to the interior of the PCM but with the increased thickness
of the melt layer it does not effectively divide the solid PCM, resulting in
the main method of heat transfer being heat convection and the fins
failing to perform their functions better.

3.2. Distributions of isotherms

Fig. 6 illustrates the isotherm changes for the cases corresponded to
Fig. 4. It can be seen that in the first stage, the temperature in each area
separated by the fins becomes lower as the distance between the PCM
and the fins or wall increases. At this stage, the heat transfer process is
dominated by heat conduction. The fins transfer the heat from the walls.
At this stage, the internal temperature of the solid PCM rises but melting
occurs rarely. The shape of the isotherm begins to change in the next
stage, due to the thickening of the melt layer and the convective
movement mentioned in section 3.1. As, it can be seen from the
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isothermal diagram, fluid impingement on a solid-surface leads to the
creation of an irregular shape on the surface. In the top and bottom parts
of the solid PCM, the contact area between the solid and the liquid in-
creases due to the deformation of the solid surface and the unfinished
melting solid extends into the liquid to accelerate the melting process. In
the final stage, when the liquid occupies most of the space, thermal
convection decreases and the heat transfer process gradually becomes
dominated by heat conduction, as can be seen in case 3. There is almost
no convective impact isothermal deformation in the bottom of the solids
and the PCM solids deposit at the bottom of the space divided by the fins.

Fig. 7 is an isotherm contour corresponding to Fig. 5. When the fin
thickness is large, the fins have a limited extension and a large low-
temperature zone exists, which remains until the time that case 3 is
almost completely melted. Although the internal temperature has
increased, the centre of the area does not melt as seen in Fig. 5,
demonstrating the effectiveness of the long fins on the splitting of the
PCM for heat transfer.

3.3. Effects of fin thickness

The liquid fraction is an important parameter that refers to the
percentage of melted PCM liquid to the total PCM. It visually reflects the
progress of PCM melting and helps to evaluate the heat transfer in
different cases. Fig. 8 shows the evolution of the PCM liquid fraction for
different fin thicknesses. In this diagram, each curve goes through three
stages, which correspond to the phenomena mentioned in section 3.1.
Case 3 achieves the most efficient heat transfer results of the three cases,
completely melting the PCM in just 60 min. It is known that when the fin
surface area fraction is fixed (¢ = 0.02 in this study), the fin heat
dissipation area becomes enlarged as the fin thickness decreases. How-
ever, as the local fin temperature decreases with increasing distance
from the fin root, the continued decrease in fin thickness does not always
obtain a further increase in the melting rate, which suggests that there is
a diminishing return on the increase in surface area for heat transfer
when designing fins for the industry. Also, compared to the results of
Ref. [11], the use of straight fins instead of Y-shaped fins results in a
faster melting rate for the fin thicknesses of case 4 as well as case 5, and
the melting time for any Y-shaped fin is much less than the melting time
required without fins. In addition, Fig. 5 shows that the morphology of
the Y-shaped fins prevents them from being able to penetrate the PCM
solid better than straight fins. Therefore, when utilizing such type of fins,
the total surface area of the fins should be controlled to be larger than
the maximum surface area of the straight fins that the heat exchanger
can accommodate under the corresponding fin thickness.

3.4. Effects of fin angle

The Y-shaped fins extend into the annular cavity and are obstructive
to the liquid flow in the PCM during melting, which affects the thermal
transfer to some extent, so the suitable fin angle needs to be investigated.
Simulation has been carried out with different fin thicknesses and three
different fin angles. The melting process for fins with larger angles has
not been investigated as continuing to widen the fin angle would make it
impossible to install fins with w = 0.5 mm. The results are shown in
Fig. 9, all three graphs show the same trend, that is, the angle of the fins
does affect the overall heat transfer rate, but not as much as the thick-
ness of the fins. Also, it is noted that there is a diminishing return on the
increase in heat transfer efficiency due to the increase in fin angles. This
phenomenon is shown at any fin thickness. It is observed that the heat
transfer efficiency increases with increasing fin angle at fin thicknesses
of 1 mm and 2 mm, but when the fin thickness is 0.5 mm, the lower solid
PCM deposits in the centre of the Y-shaped fins as the fin restricts the
flow of liquid PCM. As shown in Fig. 4, the fin temperature at this point
is not at the same temperature as the wall, which ultimately causes the
melting slower than that in case 2, although the melting in case 3 is
faster than that in case 2 for most of the time. This phenomenon suggests
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Liquid Fraction: 0 0.1 02 03
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Fig. 4. Contours of the liquid fraction at various fin angles under w = 0.5 mm, Tyr = 363 K.

that the design of fins should not only consider the partitioning of the
PCM by the fins, but also the prevention of solids deposition when
installing the fins. To conclude, Table 3 provides a visual representation
of the effect of fin angles on melting time. Considering that complete
melting without fins takes 162 min [11], the PCM system with the Y-
shaped fins requires a minimum of 34.0 % of the time of the original
system to achieve complete melting.

3.5. Effects of HTF temperature

An increase in HTF temperature can increase the temperature
gradient between the wall or fin and PCM, thus increasing the melting
rate. Suitability of the HTF temperature for industrial applications of
TES systems will benefit the performance of the system. In the case
studied in this section, the effect of HTF temperature on the melting rate
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Fig. 5. Contours of the liquid fraction at various fin thicknesses under 6 = 90°, Tyrr = 363 K.

of PCM is analysed at a fin thickness of 0.5 mm. The results can be
observed in Fig. 9 (a) as well as in Fig. 10. It can be noticed that the
melting rate of the three fin angle cases is found to be similar to the HTF
temperature variation, and the effect of the solids deposition phenom-
enon, mentioned in section 3.4, on the melting rate decreases with the
increase of the HTF temperature. The difference in melting time between
case 14 and case 15 is only 1 min, which is contributed by the increased
temperature gradient. A comparison of the three diagrams also shows
that an increase in HTF temperature leads to a faster melting rate,
regardless of the operating conditions. However, by increasing the HTF
temperature by the same value, the reduction in melting time decreases.
In addition, it was observed that changing the HTF temperature had
little effect on the working conditions at different angles. The effect of
HTF temperature on melting time is shown in Table 4 intuitively.

3.6. Transient heat transfer rates analysis

Fig. 11 shows transient heat transfer rates under different parame-
ters. It is observed that the transient heat transfer rates are gradually
decreasing at any given operating condition. In the initial phase, the
heat exchange is very intense, which is caused by the direct contact of
the PCM solids with the walls and fins. This process lasts for a short time.
A liquid PCM film then appears between the heated surface and the solid
PCM, and the thermal resistance increases rapidly, resulting in a sig-
nificant reduction in the transient heat transfer rate. As the liquid phase
PCM continues to increase, the thermal convection phenomenon grad-
ually becomes the dominant heat transfer mode, so the rate of heat

transfer decreases at this point at a more moderate rate. As the PCM solid
becomes progressively smaller and eventually disappears, the heat
transfer rate decreases until it approaches zero.

From Fig. 11 (a), it can be seen that the different fin thickness has a
very significant effect on the heat transfer rate. In the beginning, the
heat transfer rate is much greater for the smaller fin thickness than for
the larger fin thickness due to the contact area. This advantage is
maintained until the solid disappears and the heat transfer rate tends to
zero. In comparison, the angle has very little effect on the heat transfer
rate. In Fig. 11 (b), it can be seen that the increase in HTF temperature
significantly increases the heat transfer rate and maintains a large heat
transfer rate throughout the melting process.

3.7. Dimensionless quantities analysis

The use of the dimensionless method for the structural parameters
can provide an intuitive visualisation of the results of the influence of the
different parameters on the PCM melting process. The Fourier number is
adopted as dimensionless melting time and the melting time of the fin-
less case is set as the reference time. It is capable of calculating the heat
exchange time improvement for different structural parameters. The fin
length, thickness, angle, and tube diameters are all available for
dimensionless analysis. Since the widths of the Y-shaped fins are equal
everywhere, the total length of the fins is considered here as the sum of
the lengths of the segments. It is worth noting that since the ratio of the
cross-sectional area of the fins to the annular cross-sectional area is a
fixed value of 0.02 in this study, the dimensionless fin length
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Temperature: 323 327 331 335 339 343 347 351 355 359 363

Fig. 6. Isotherm at various fin angles under w = 0.5 mm, Tgrr = 363 K.
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Fig. 7. Isotherm at various fin thicknesses under § = 90°, Ty7r = 363 K.
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Fig. 8. Evolution of the PCM liquid fraction for different fin thicknesses under
0 = 90°, Tyrr = 363 K.

investigation is the same as the dimensionless fin thickness investiga-
tion. In order to take the tube diameters into account in the dimen-
sionless fin lengths, the hydraulic radius is used as the reference fin

length. The reference fin angle of dimensionless fin angle is 180°. The
dimensionless fin angle can be calculated by Formula 13.

Fig. 12 (a) demonstrates the contribution of dimensionless fin length
to the Fourier number (melting time). The fin widths of 2 mm, 1 mm and
0.5 mm correspond to dimensionless fin lengths of 0.81, 1.62 and 3.24,
respectively. Fixing other conditions, an increase in the dimensionless
length always results in a larger Fourier number, which represents an
increase in heat transfer capacity. The increase in fin length not only
significantly reduces the melting time, but also provides a visual indi-
cation of the diminishing return phenomenon. When the fin angle is at
90° (dimensionless fin angle at 0.5), the deposition of solids severely
affects the heat transfer efficiency, making its melt time only higher than
that with a fin angle of 60° (dimensionless fin angle at 0.33). Fig. 12 (b)
demonstrates the contribution of dimensionless fin angle to the Fourier
number for the same fin length. The fin angles of 30°, 60° and 90°
correspond to dimensionless fin angles of 0.17, 0.33 and 0.5, respec-
tively. The increase in HTF temperature not only effectively reduces the
melting time, but also minimises the effect of deposition of solids, but
does not eliminate it. Therefore, case 2 is the best case to achieve a
Fourier number of 2.95 (34 % of the reference melting time) without the
consideration of HTF temperature, and case 14 is the best case to achieve
a Fourier number of 5.4 (18.5 % of the reference melting time) with the
consideration of HTF temperature. It can also be found that increasing
the HTF temperature by the same volume has approximately the same
effect on the Fourier number. Since the Fourier number is the inverse of
the ratio of the actual melting time to the reference time, this means that
the influence of temperature on the melting time is decreasing.



P. Yan et al.

Liquid Fraction

Liquid Fraction

Liquid Fraction

Fig. 9. Evolution of the PCM liquid fraction for different fin angles under Tyrr

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

—— Casel

- - - Case2 - P
—em Case3 oo
yal o
s o
e P
4 . N
- N
[63]
¥ : L
V4
Y
/
1 1 1 1 1 I .
10 20 30 40 50 60
Time (min)
(a)
Case6 .
- - Case7
----- Case4 p .
Y .
i 68
,/0 .
I)’
7
l//
1 1 1 1 n 1
20 40 60 80
Time (min)
(b)
Case8
- - Case9
''''' Case5
r//’
J/JJ
1 1 1 1 1 i 1
20 40 60 80 100 120
Time (min)
(©)

=363 K (@ w=0.5mm; (b)w=1mm; (c) w=2mm.

70

10

Table 3

Effect of fin angles on melting time.
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Case # w (mm) (%) Melting time (min)
1 0.5 30 63
2 0.5 60 55
3 0.5 90 60
4 1 90 68
5 2 ) 106
6 1 30 78
7 1 60 72
8 2 30 113
9 2 60 110
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Fig. 10. Evolution of the PCM liquid fraction for different fin angles under w =
0.5 mm (a) Tyrr = 368 K; (b) Tyrr = 373 K.

4. Conclusions

In this study, Y-shaped fins are brought into the triplex-tube TES
storage system, and the melting enhancement of a triplex-tube TES
storage system is investigated by analysing the effect of different
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Table 4
Effect of HTF temperature on melting time.

Case # Tyrr (K) 9() Melting time (min)
10 368 30 43
11 368 60 38
12 368 90 40
13 373 30 33
14 373 60 30
15 373 90 31
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Fig. 11. Transient heat transfer rates under (a) Tyrr = 363 K; (b) w = 0.5 mm.

parameters on the heat transfer performance. This research purpose is to
obtain a reasonable morphology for this type of fin and to arrange it in
the future TES system. And some conclusions are obtained from the
research.

The use of Y-shaped fins effectively facilitates the melting process.
With a constant proportion of fins in the cross-section of the triplex-tube
system, the melting time decreases with decreasing thickness of the Y-
shaped fins. Under the same conditions, an increase in the angle of the
fins triggers a more homogeneous division of the PCM solids, which can
shorten the melting time. It is also important to prevent the deposition of
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Fig. 12. Contribution of dimensionless quantities to melting time under (a)
Tyrr = 363 K; (b) w = 0.5 mm.

solids. Increased HTF temperature helps to reduce PCM melting time.
The PCM system with the Y-shaped fins requires a minimum of 34 % of
the time of the original system to achieve complete melting.
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