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ARTICLE INFO ABSTRACT
Keywords: This work proposes a fin-stone hybrid structure integrating fins (popular thermal enhancers) and natural stones
Fin-stone hybrid structure (widely used sensible heat storage media) to enhance the heat transfer of phase change materials for on-site

Heat transfer enhancement
Phase change material
Shell-and-tube

thermal energy storage applications, with advantages of low cost, environmental friendliness, and easy acces-
sibility. 3D numerical models of charging and discharging in shell-and-tube heat storage units with various
configurations, including fins, the fin-stone hybrid structure, stones, and no heat transfer enhancement, were
constructed, and the performance evaluation and comparison were carried out. Compared to fins, fin-stone
hybrid structures with 20 mm-, 30 mm-, and 40 mm-sized stones shorten the charging time by 67%, 54%,
and 56%, and the discharging time by 73%, 60%, and 46%, respectively. Small stones have better heat transfer
enhancement, which is attributed to the small volume, large surface area, and contact with the tube and fins. The
advantage of the fin-stone hybrid structure, i.e. the shortening of phase change time, is more significant in
charging than in discharging, in comparison with stones, as both heat conduction and natural convection are
enhanced. Moreover, the hybrid structure exhibits satisfactory temperature stability with a 48.9 °C temperature
change in charging and 37.2 °C in discharging, each lower than the fins, which is beneficial to stabilise the heat
transfer fluid outlet temperature. The yearly supplied energy of the hybrid structure with 20 mm-sized stones is
121% and 72% more than that of fins and stones, respectively.

stones for storage in solar space heating. The required volume of
different types of stones was determined. Tiskatine et al. [13] evaluated
fifty-two types of stones used for concentrated solar power and assessed
multiple criteria, including compressive strength, density, thermal
cycling resistance, thermal capacity, and thermal conductivity. Sand-
stone, gabbro, and dolerite were found to be superior high-temperature
thermal energy storage media. Lugolole et al. [14] investigated granite
with different sizes as SHMs in a packed bed thermal energy storage
system and found that big stones had a higher exergy rate than small
ones. Soprani et al. [15] studied the charging and discharging of a
packed bed heat storage tank filled with 16-22 mm sized diabase.
Various charging powers, flow conditions, and bed configurations were
evaluated, and the influence of the buoyancy force on the temperature
gradient was analysed. Singh et al. [16] built a packed bed heat storage
tank filled with pebbles and investigated the thermal performance under
different solar conditions. They point out that the solar collection effi-
ciency of the heat storage tank with 8500 kg pebbles was 43.5% on
average over March, April, and May.

Phase change material (PCM) is a more attractive thermal energy

1. Introduction

Using renewable energy is one of the approaches to the global energy
crisis and environmental pollution [1-3]. Renewable energy resources
such as solar energy are abundant, easily accessible, and green [4,5];
however, they usually have drawbacks of instability and intermittence
[6,7]. To solve these problems, thermal energy storage (TES) has been
proposed, which can store unstable thermal energy and release stable
thermal energy [8-10]. Moreover, thermal energy is stored and then
released at the desired time, solving the temporal mismatch between
energy supply and demand.

Natural stones, typical sensible heat storage materials (SHMs), are
widely accessible, low-cost, and environmentally friendly as they do not
need additional material fabrication. Moreover, their thermal conduc-
tivity is high, and the energy storage rate is high [11]. Natural stones are
mostly used as SHMs in packed beds where the heat transfer fluid (HTF)
flows through a stack of stones and transfers heat to or extracts heat from
them. Audi [12] conducted experiments to investigate using Jordanian
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Nomenclature T temperature, K
Tini initial temperature,°C
HTF heat transfer fluid Tm, s, Tm, 1 solidus and liquidus temperatures of the PCM, K
PCM phase change material uw, v, w velocity components in x, y, and z directions, m/s
SHM sensible heat storage material U velocity vector, m/s
TES thermal energy storage
Amushy ~ mushy zone constant, kg/(m3-s) Greek letter. .
I specific heat capacity, J/(kg-K) H viscosity, Pa‘.s
D yearly operating time of a heat storage unit, s € volume fractlog of the P.CM’ R
Dstones Nstone diameter and number of stones, mm, - B thermal expansion coefficient, K™
g gravitational acceleration, m/s? @ a sn?all nurpbelj (0'091)
Hpgp, 7, height and thickness of fins, mm, mm ¢ liqul fractlonsm a single cell, -
L latent heat of the PCM, J/kg P density, kg/m
L liquid fraction, - k thermal conductivity, W/(m-K) .
Lunit length of the heat storage unit, mm Q outer surface of the heat storage unit
p pressure, Pa Subscripts
Qurr flow rate of the HTF, L/min f fluid
Qres energy released in discharging, kJ PCM phase change material
Qyear yearly supplied energy, kJ HTF heat transfer fluid
trall time of full charging and discharging, s

storage medium owing to its high energy density [17]. However, one of
the problems with the PCM is the low thermal conductivity, which leads
to a long charging/discharging time and a low energy storage rate [18].
Using porous skeletons, fins, heat pipes, and particles are popular
methods to enhance the heat transfer of the PCM. Porous skeletons, such
as copper foam [19,20], aluminium foam [21,22] and SiC ceramic foam
[23,24], have a large surface area and can be in contact with the PCM
fully. Heat pipes, which act as bridges between the HTF and PCM, in-
crease the heat transfer area [25]. Particles, including aluminium
powder [26], copper oxide nanoparticles [27], and carbon nanotubes
[28], have high thermal conductivity; however, particles are found to
harm the heat transfer performance of the PCM in some studies because
the suppression of natural convection is greater than the improvement in
the effective thermal conductivity [29]. Fins enhance heat transfer by
increasing the contact area, and their fabrication is simpler than porous
skeletons and heat pipes [30]. Moreover, maintenance is easy since fins
are separate from one another; if one fin fails, only that fin, rather than
all ones, needs to be maintained. These advantages lower the cost of
using fins.

The research of using fins generally focuses on two aspects. The first
one is to optimise configurations of conventional fins (longitudinal and
radial), including number, height, thickness, position, and angle. Yang
et al. [31] investigated the influence of fin numer on the charging in a
horizontal heat storage unit, and Joybari et al. [32] studied the simul-
taneous charging and discharging in a triplex tube heat storage unit.
Their studies indicate that increasing the number and height of fins can
accelerate thermal energy storage by extending the contact area [31],
while the thickness of fins has little effect on thermal energy storage
[32]. Natural convection plays an important role in phase change heat;
hence, Wang et al. [33] and Tao et al. [34] investigated the effect of
natural convection. They found that natural convection at the upper half
is stronger than at the lower half in the melting process, so fins are
preferred to weld on the lower half of the tube to reduce the suppression
of natural convection [33,34]. In terms of the fin angle, Liu and Groulx
[35]’s experimental results concerning a horizontal heat storage unit
suggest that fins with 45° rotation are superior to the straight ones
(horizontal and vertical) for the melting process; by contrast, there is
almost no difference for the solidification process.

The second research focus is to design fins with novel shapes, such as
tree-shaped [36], snowflake-shaped [37], ladder-shaped [38,39],
herringbone-shaped [40], V-shaped [41], Y-shaped [42], etc. Those
novel fins have a large contact area, further enhancing heat transfer.

Taking the ladder-shaped fin as an example, the volume is the same as
conventional fins, but the contact area with the PCM is increased by
about two times, leading to a higher melting rate. Moreover, these novel
fins can be further optimized according to length, width, angle, etc. The
tree-shaped fin designed by Zhang et al. [36] mimicked the leaf venation
and shortened the solidification time by 66.2%. Herringbone wavy fins
proposed by Sharma et al. [40] were compared to conventional longi-
tudinal fins and were found to save 22% solidification time. Sheikho-
leslami et al. [41] integrated V-shaped fins and copper oxide
nanoparticles in a shell-and-tube heat storage unit. Various factors were
evaluated, including nanoparticle size, concentration, fin angle, and
length. A spider web-shaped fin with a greatly extended surface area was
developed by Wu et al. [43] recently, where the shape is similar to the
porous skeleton.

Many researchers have investigated using natural stones as sensible
heat storage media and fins as thermal enhancers. However, there are
few studies integrating these two materials, i.e. the fin-stone hybrid
structure. This novel structure has the following advantages: (1) natural
stones have high thermal conductivity and can further enhance the heat
transfer of the PCM; (2) stones are naturally accessible and using them is
environmentally friendly; (3) natural stones are low-cost, the same as
fins, which strengthens the cost advantage. There are very few studies
using the fin-stone hybrid structure to enhance the heat transfer of the
PCM. The lack of knowledge of the fin-stone hybrid structure leads to a
poor understanding of its performance and hampers its potential ap-
plications. Thus, it is essential to investigate the fin-stone hybrid struc-
ture. In this study, three-dimensional numerical models of the typical
shell-and-tube heat storage units with the fin-stone hybrid structure
enhancing the heat transfer of the PCM were constructed. Charging and
discharging were simulated, where solid-liquid interface propagation,
temperature response, and energy storage performance were assessed.
The fin-stone hybrid structure proposed in this study has the advantages
of low cost, environmentally friendliness, and easy installation. This
study fills in the knowledge gap and provides comprehensive heat
transfer enhancement information on the novel fin-stone hybrid struc-
ture, guiding its applications for on-site thermal energy storage systems.

2. Numerical model
2.1. System configuration

The shell-and-tube heat storage unit with the PCM occupying the
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Fig. 1. Photograph of (a) natural stones and (b) fins; (c) schematic of the fin-stone hybrid structure enhancing heat transfer in a shell-and-tube heat storage unit.
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Fig. 2. Schematic of (a) eight cases evaluated in this study, (b) meshing of the physical model, (c) surface and volume meshes.
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Table 1

Settings of eight cases evaluated in this study (Lunit, Hfins Zfin» Dstone> Nstone, and &
are the length of the heat storage unit, height of fins, thickness of fins, diameter
of stones, number of stones, and the volume fraction of the PCM, respectively).

No. Lynir, mm Hfin, mm Tfin, MM Dstone, mm Nitones - & -
Case A 40 30 2 - 0 0.99
Case B 20 30 2 20 22 0.53
Case C 30 30 2 30 8 0.61
Case D 40 30 2 40 4 0.65
Case E 40 - - - 0 1
Case F 20 - - 20 23 0.52
Case G 30 - - 30 8 0.63
Case H 40 - - 40 6 0.50
Table 2
Properties of paraffin, copper, granite, and water [11,47].
Property Paraffin Copper  Granite  Water
Specific heat, J/(kg-K) 2850 380 820 4182
Density, kg/m® 785 8920 2640 998
Thermal conductivity, W/ 0.3 (solid)/0.1 401 2.86 0.6
(m-K) (liquid)
Coefficient of thermal 3.09 x 107* - - -
expansion, K ~ !
Latent heat, J/kg 175,240 - - -
Melting point, °C 54.4 - 64.1 - - -
Viscosity, mPa-s 3.65 - - 1.00
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this study, stones are assumed spherical, and their equivalent size can be
represented by the diameter of spheres. The assumption of the spherical
shape makes stones have uniform geometry, removing the interference
of the diverse shapes, and enables focusing on a certain parameter (the
stone size in the current study).

Fig. 2(a) shows eight cases evaluated in this study: the shell-and-tube
heat storage units with fins (Case A), with the fin-stone hybrid structure
(Cases B-D), without enhancement (Case E), with stones (Cases F-H).

Table 3
Liquid fraction (L) and total charging time under different numerical settings.

Number of Time L¢at 5000 s, L¢ at 10,000 Total charging
cells, - step, s - s, - time, s

61,532 1 0.5572 0.9194 13,337
84,968 1 0.5597 0.9208 13,314
120,746 1 0.5627 0.9225 13,295
84,968 0.5 0.5589 0.9204 13,322.5
84,968 1 0.5597 0.9208 13,314
84,968 2 0.5609 0.9213 13,300

Table 4

The experimental configurations in Refs. [22,59].

Parameter Ref. [22] Ref. [59]

800, 500, 500 (inner, middle,
outer)

762, 304.8 (inner,
outer)

Length of the tube, mm

annular space and the HTF flowing through the inner tube is a popular
device for commercial and industrial thermal energy storage applica-
tions [44]. In this study, the fin-stone hybrid structure is placed in the
annular space, as indicated in Fig. 1, to enhance the heat transfer of the
PCM. Natural stones, as shown in Fig. 1(a), are widely accessible and do
not need industrial fabrication. Fins, as indicated in Fig. 1(b), can be
taken from metal boards and are easy to fabricate. Straight vertical fins
are used, so they do not have to withstand the weight of stones, and the
hybrid structure is stable. As seen in Fig. 1(c), vertical fins are welded to
the inner tube, while stones are placed in the annulus and in contact
with fins, forming a fin-stone hybrid structure. The rest of the space of
the annulus is filled by the PCM, while the HTF flows in the inner tube.
The heat storage unit is horizontally placed, ensuring its stability. The
stones’ shape is irregular in practice, not cubic, spherical, cylindrical,
etc., so it is hard to characterise and reproduce their shapes accurately.
The shape of real stones is not exactly spherical, but very close to being
spherical, as indicated in Fig. 1(a). And since the stone shapes are
diverse, it would be hard to focus on a certain parameter’s effect. So, in

(a)

Radius of the tube, mm

Thickness of the tube,

6.4, 25.4 (inner,
outer)

1.7, 1.3 (inner, outer)

25.4, 75, 100 (inner, middle,
outer)

1.2, 2, 2 (inner, middle, outer)

mm
Initial temperature, °C 25 93
HTF type Air Water
HTF temperature, °C 70, 25 (heating, 68
cooling)
Table 5
Material properties in Refs. [22,59].
Property Ref. [22] Ref. [59]
Thermal conductivity of PCM, W/(m - K) 0.25 0.2
Specific heat of PCM, J/(kg - K) 2510 2000
Density of PCM, kg/m* 730-790 950 (solid)/770 (liquid)
Melting temperature of PCM, °C 50-60 77-85
Latent heat of PCM, J/kg 117,000 176,000
Thermal conductivity of the fin, W/(m - K) - 387.6
Specific heat of the fin, J/(kg - K) - 381
Density of the fin, kg/m® - 8978

(b)
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Fig. 3. The effects of (a) grid number and (b) time step on the liquid fraction.
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Fig. 4. Model validation with (a) Atal et al.’s and (b) Al-Abidi et al.’s experiments [22,59].
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Fig. 5. Melting front propagation of the PCM in Cases A-D.

The outer radii of the heat storage unit and the inner tube are 60 mm and
20 mm, respectively, while the fins are 30 mm high and 2 mm thick;
stones are 20 mm, 30 mm, and 40 mm in diameter in Case B, Case C, and
Case D, respectively. The high thermal conductivity of copper (the tube
material) and the thin wall enable the neglection of the tube thickness

[38]. For Case G, the heat storage unit in practice is very long, and the
top stone can be approximately assumed in the middle, so the
arrangement in Case G should be reasonable and used in this study. The
settings of the eight cases are listed in Table 1. The volume fraction of
the PCM, ¢, is calculated by:
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Fig. 6. Temperature fields of the PCM during charging in Cases A-D.
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where Vyoid, Vstones Viin, @nd Vioral are the void, stone, fin, and total
volumes, respectively; Dgpel) and Dyype are the shell and tube diameters,
respectively; [, is the length of a single unit, which equals d; w and h are
fin thickness and height, respectively.

A quarter of a unit with one layer of stones is used in this simulation
owing to symmetry, as indicated in Fig. 2(b). Then, it is meshed using
the Meshing Module of ANSYS Fluent 2021. The extremely small gap
between two tangent spheres could lead to computational divergence.
The “near-miss” method, which reduces the diameter to 0.99 times [45],
is adopted to solve this problem. The skewness of all volume meshes
(Fig. 2(c)) is less than 0.78, meeting the requirement of the fluid simu-
lation [46]. Paraffin acts as the PCM, copper fins and granite as thermal
enhancers, while water serves as the HTF (Table 2).

2.2. Governing equations

The following assumptions are made for the numerical modelling:
(1) stones are spherical, as mentioned above; (2) the PCM, fins and
stones are homogeneous and isotropic; (3) the liquid PCM is incom-
pressible; (4) material properties, except for the PCM density, are
temperature-independent [48-52]; (5) the Boussinesq approximation
deals with natural convection to get a fast convergence [53,54].

The enthalpy-porosity model is used to simulate the phase change of
the PCM [55], and the continuity equation is given by:
9ps

&tV (eT) -0 @

Since the fluid is assumed incompressible, this equation reduces to:

v.U =0 3)

The momentum equations are given by [56]:
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ou — op (1-¢)
PPCM§+PPCM<U'VU) = Tox + ﬂPCMvzu - W mushy U 4
0V — ap
PPCME + Peem <U'VV) = - g + peen V2V + Pre & ﬂ(T — T, s)
(1-o)

- 7Amus 5
(7 +w) ©
ow = dp (1-¢)

Prow e + Prem (U'VW) = =3 + ppe VoW — mAmushyw
(6)

where p is the material density; the subscript f referes to the fluid (liquid
PCM or HTF); U is the velocity vector where u, v, and w are the com-
ponents in the x, y, and z directions, respectively. g T, and p are the
gravitational acceleration, temperature, and pressure, respectively. f is
the thermal expansion coefficient, and u is the PCM viscosity. Amushy is
the mushy zone constant (107) [19]. w is a small number, which is set as
0.001, to avoid being divided by zero [57]. The third term on the right
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side of Eq. (5) denotes the Boussinesq approximation considering the
effect of the buoyancy force. The last terms in Eqgs. (4)-(6) are the
damping terms [58].

@, the liquid fraction in a single cell, is predicted by [56]:

0T <Ty ¢
T—Ty s
¢ = me.sSTSTm,I )]
IT>T,

where Ty, s and Tp, | is the PCM solidus and liquidus temperatures,
respectively.
The energy equation of the PCM is

oT — d
Prent Cp. pOM (E + U~VT> = kpen V2T — pPCMLd—‘f (8)
where c;, L, and k are the specific heat, latent heat, and thermal con-
ductivity, respectively.

Forced convection takes place in the HTF, and the continuity, mo-
mentum, and energy equations are given by [24]:

N
V-Uu =0 9
U — \— —
PurE 50 + pHTF<U'v>U = = Vp + VU (10)
JaT —
PutE CPHTFE + Pure Cpourr U VT = ke V2T an

Heat conductions occurs in fins and stones, and energy equations are

or
Ptin Cp, gy = kin V2T 12)
oT
Pstone Cp, slonea = ksloneva (13)

2.3. Initial and boundary conditions

Initial conditions:
T(t=0)=Tn a4

where Tiy; is the initial temperature, equal to the ambient temperature
(23 °Q).
Boundary conditions:

oT

on

Q= 0 15)

where Q denotes the outer surface of the heat storage unit.
For the HTF:

QOutr = constant ae)

o Thot, charging
Ture = {Tm]d, discharging a7

where Qurr is the flow rate of the HTF, which is 4 L/min; Tyrr is the inlet
temperature of the HTF, which is set as 75 °C (Tyot) during charging and
23 °C (Tcolq) during discharging. These values are set because the po-
tential application of the fin-stone enhanced heat storage unit is waste

Table 6

Charging, discharging, and total time in different cases.
No. Case A Case B Case C Case D Case E Case F Case G Case H
Charging time, s 40,584 13,314 18,819 17,837 92,490 23,122 36,973 23,578
Discharging time, s 15,620 4262 6263 8487 19,406 6458 8448 5842
Total time, s 56,204 17,576 25,082 26,324 111,896 29,580 45,421 29,420
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Fig. 8. Components of thermal energy in (a) Cases A-D and (b) Cases E-H (latent heat and sensible heat herein refer to latent heat thermal energy and sensible heat

thermal energy, respectively).

heat recovery from the data centre for residential use: the HTF from the
data centre is about 75 °C with a velocity of 0.05 m/s [54], i.e. the
volume rate of 4 L/min in the current inner tube; the HTF from the
residential building is at the ambient temperature (23 °C).

2.4. Independence test of grid and time step

ANSYS Fluent 2021 was used to solve the numerical model. The
continuity, momentum, and energy equations are discretised using the
finite volume method (FVM), and the convergence criteria are 10’4,
10~* and 1075, respectively. The pressure and velocity are coupled with
the SIMPLE scheme, while the under-relaxation factors of pressure,
density, body forces, momentum, liquid fraction update, and energy are
0.3,1,1, 0.7, 0.9, and 1, respectively.

Case B was employed to test the grid and time step independence,
where three mesh sets (61,532 cells, 84,968 cells, and 120,746 cells) and
time steps (0.5 s, 1 s, and 2 s) were included. As Fig. 3 and Table 3 shows,
the average liquid fraction of the PCM (L¢) differs insignificantly be-
tween different mesh sets, and the deviation in the total charging time
under different time steps is less than 0.17%. Therefore, the 84,968 cells
and 1 s were used in this study.

2.5. Model validation

The numerical model is validated from two aspects, where the first
one is the validation of the Melting/Solidification model, and the second
one is the validation of the fin-stone/PCM configuration. The first vali-
dation is carried out by comparing the paraffin temperature at the

midpoint of a shell-and-tube heat storage unit in Atal et al.’s experi-
ments [22]. The detailed experimental configurations and material
properties are listed in Tables 4 and 5. From Fig. 4(a), the average dif-
ference between the numerical results predicted by the current model
and experimental data is 2.2 °C, which may be attributed to the
completely adiabatic boundary leading to slightly higher temperatures
in the simulation. The average relative deviation in the temperature is
4.6%, with a maximum deviation of 17.8% and a minimum deviation of
0.6%. The trend of the paraffin temperature in the simulation is
consistent with that in the experiment, and the temperature is nearly
identical to the experimental data at the final stage, verifying the Mel-
ting/Solidification model.

Since the fin-stone/PCM configuration is a novel structure, there is
little experimental data available in the open reports. The principle of
the fin-stone hybrid structure is similar to fins, which enhances heat
transfer by extending the contact area; as a consequence, the coupled
boundary between thermal enhancers and PCM is included in the nu-
merical model. The experimental results of a finned unit [59] are used to
validate the fin-stone/PCM configuration, and this strategy has been
justified in our previous research [57]. Fig. 4(b) presents the average
temperature by fifteen thermocouples in a shell-and-tube unit with in-
ternal and external fins. The average difference between numerical and
experimental results is 1.8 °C; the maximum relative deviation is lower
than 5%, and the average deviation over the discharging is 2.4%. The
deviation is within the acceptable range, indicating the numerical model
is reliable and accurate enough to support the following results.
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Fig. 9. (a) Energy storage and release rates of different cases; heat flux of the inner tube in (b) charging and (c) discharging.

3. Results and discussions
3.1. Comparison between the hybrid structure with fins

Fins are a popular structure that enhances the heat transfer of the
PCM in a shell-and-tube heat storage unit. The novel hybrid structure is
first compared with traditional fins to demonstrate its effect. The
melting front of the PCM at the plane of half the thickness is captured, as
illustrated in Fig. Al. The melting front propagation and temperature
fields of the PCM in Cases A-D during charging are presented in Fig. 5
and Fig. 6, respectively.

At the time of 3000 s, the PCM near the tube and fins are melted first
in all cases owing to the high temperature of the tube and high thermal
conductivity of copper. Moreover, the liquid areas (¢ = 1) in Case A,
Case C, and Case D are almost identical, indicating 30 mm- and 40 mm-
sized stones have little effect at this stage. The mushy zone in Case B is
relatively larger probably because the stone size is small, and the heat
from the tube and fins can penetrate stones easily.

At 6000 s, the solid-liquid interface in Case A is almost parallel to
that at 3000 s, suggesting heat conduction is the primary heat transfer
mode. Case C and Case D have similar phase fields where the PCM near
the tube and fins are melted fully, the part surrounding stones in contact
with the tube and fins is mushy, and the rest is solid. In comparison, the
melting front propagation in Case B is obviously faster: not only the
liquid region is extended, but also almost all the rest of PCM is mushy.
Moreover, the PCM layer around stones in contact with the tube and fins
is melted fully owing to the fast heat conduction induced by the small
stone size, and the part around other stones is mushy since the thermal
conductivity of stones is much higher than that of the PCM (2.86 W/m/K
of granite versus 0.3 W/m/K of solid paraffin).

As the charging proceeds, at 9000 s, the solid-liquid interface in Case

A is slightly deformed since natural convection makes a difference to the
melting. A similar melting front can be observed in Case C, where the
PCM on the left side is mushy in comparison with the solid PCM in Case
A. The PCM in the lower half of Case D is fully melted or highly mushy,
while the PCM at the top-left corner is solid because of the low thermal
conductivity of paraffin and no thermal enhancement structures. The
melting rate in Case B is the highest, especially for the PCM on the left
side, which is highly mushy in comparison with the solid PCM in other
cases. That is because the volume fraction of stones is high (0.47 in Case
B versus 0.39 in Case C versus 0.35 in Case D), and the surface area is
large owing to the small stone size.

Most PCM has been melted fully in Case B, and the average liquid
fraction (Lg) reaches 0.98 at 12,000 s, as shown in Fig. 7(a). The only
mushy PCM is located at the bottom left corner, where heat conduction
and natural convection are difficult to exert an effect. The PCM at the
bottom of Case C and Case D melted faster than that at the left side
because the fin and stone at the bottom extend the contact area between
the PCM and heat source and have high thermal conductivity, which
promotes heat conduction and natural convection. The liquid fraction in
Case C and Case D is similar, which is 0.83 and 0.84, respectively. The
melting area at the top of Case A is large, indicating the melting rate is
faster because of natural convection. In comparison, the PCM on the left
side is still solid caused by the poor heat transfer performance. The
liquid fraction in Case A is the lowest, which is only 0.45 at 12,000 s.

The charging time in the four cases is 40,584 s, 13,314 s, 18,819 s,
and 17,837 s, respectively, as listed in Table 6, meaning the fin-stone
hybrid structure decreases the charging time by 67%, 54%, and 56%
compared to fins. Considering the decreased volume of the PCM, the
melting rate is increased by 63%, 34%, and 51% in Case B, Case C, and
Case D, respectively. It can be concluded that the fin-stone hybrid
structure can accelerate the phase change of the PCM, and Case B with
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Fig. 10. Comparison of the melting front between different cases.

20 mm-sized stones has the highest melting rate.

Fig. 6 demonstrates the temperature fields of the four cases, where
the isotherms in Case A are almost parallel to the tube and fins at 3000 s,
as heat transfer is dominated by heat conduction. Case C and Case D
show similar temperature fields, meaning the effect of 30 mm- and
40mm-sized stones is negligible at this moment, while Case B presents a
zigzag-shaped high-temperature isotherm probably because more stones
are in contact with the tube and fins, which is beneficial to conducting
their heat.

At the time of 6000 s, the distinction between high- and low-
temperature regions in Case A is clear, with a maximum temperature
difference of 27 °C, though the melting front moves forward. By
contrast, Case B has a relatively uniform temperature field where the
PCM is about 66 °C around stones close to the tube and 57 °C on the left
side. The temperature fields of Cases C and D are like Case A to a certain
extent, with cold PCM on the left side.

At 9000 s, the high temperature in Case A is located around the tube
and fins as well as at the top caused by natural convection, while the
PCM on the left side is still low temperature attributed to weak heat
conduction by the low thermal conductivity. The temperature of the
PCM on the left side of Case B is obviously higher than that in Case A,
and the maximum temperature difference is 16.5 °C, lower than 19.3 °C
in Case C and 20.3 °C in Case D.

As the charging proceeds, at 12,000 s, the high-temperature region is
extended in Case A, while the PCM on the left side is still low

10

temperature. For Case B, the temperature generally decreases from top
to bottom because the hot PCM flows to the top under the buoyancy
force, and the cold PCM flows to the bottom due to the density differ-
ence. There is a clear boundary, i.e., the 68 °C isotherm, observed in
Case C where the PCM at the top right is high temperature due to natural
convection and heat conduction by the stone, while the PCM at the
bottom left is relatively low temperature perhaps because the left two
stones are not in direct contact with the tube and fins. Case D has two
stones at the lower and in contact with the tube; therefore, the tem-
perature of the PCM around these stones is high. The PCM at the top left
is low temperature as a result of natural convection and no heat transfer
enhancement structures. The maximum temperature difference in the
four cases is 20.6 °C, 13.7 °C, 17.5 °C, and 19.1 °C, respectively.

From Fig. 7(b), where thermal energy is calculated based on a heat
storage unit of 40 mm length, different structures demonstrate different
performances. The detailed equations to calculate various energy stor-
age parameters are provided in Appendix B. The fin-stone hybrid
structures accelerate charging and discharging while lowering energy
storage capacity. Specifically, Case B shows the shortest total charging
and discharging time, saving 69% compared with Case A; meanwhile, it
has the least total thermal energy, 28% lower than Case A. It is notice-
able that the volume fraction of the PCM in Case B is 0.53, 46% lower
than 0.99 in Case A. The decrease in the total energy is less significant
than the decrease in the volume fraction of the PCM because stones can
store 27% of total thermal energy, as indicated in Fig. 7(a), suggesting
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Fig. 11. Comparison of the temperature field between different cases.

that stones are not only thermal enhancers but also energy storage
media. Fins only store 1% of total thermal energy since they mainly
serve as thermal enhancers.

Case D is superior to Case C in charging owing to the faster energy
storage rate and higher energy storage capacity; however, its discharg-
ing lasts longer, probably caused by fewer stones leading to a relatively
weak heat conduction. The decrease in the discharging time in Case C
and Case D is significant, 60% and 46% less than in Case A, respectively,
while the total time is 55% and 53% less.

Considering the different PCM volumes and the time decrease, the
energy storage and release rates are calculated, as presented in Fig. 9(a).
Case B has the highest energy storage rate, 120% higher than Case A,
followed by Case D and Case C, which are 81% and 67% higher,
respectively. Case B has the most stones whose volume fraction is 0.47,
and the stone size is small, leading to a large surface area. Moreover,
many stones are in contact with the tube and fins, which is beneficial for
conducting their heat. As a result, the heat flux of the inner tube is the
highest, as indicated in Fig. 9(b), which means this structure can absorb
and utilise the HTF’s heat best. In addition, the heat flux in discharging
is also the highest (the absolute value), suggesting this structure can
release heat to the HTF best; thus, the energy release rate is the highest
amongst the four cases.

11

The energy storage rate of Case D is slightly higher than that of Case
C, perhaps because all stones are at the lower and in contact with the
tube, so natural convection is suppressed insignificantly, and heat con-
duction is stronger. However, its energy release rate is lower than that of
Case C, and the possible reason is that Case C has more stones, and heat
conduction is the primary heat transfer mode in discharging.

3.2. Comparison between the hybrid structure and stones

The fin-stone hybrid structure is compared with fins in the above
section. It is also compared with stones, and the results on the melting
front and temperature field are shown in Figs. 10 and 11, respectively.
Since Case B and Case F, Case C and Case G have similar volume frac-
tions of the PCM, they are used for comparison. From Fig. 10, there is
little difference in the PCM on the left side between Case B and Case F,
which are in solid state at 3000 s. The PCM around the fins is fully
melted in Case B owing to the strong heat conduction of the fins, while
the PCM at the same location in Case F is almost solid. At the time of
6000 s, the solid-liquid interface in Case F is generally annular, indi-
cating heat conduction is the primary heat transfer mode; in compari-
son, the solid-liquid interface in Case B is distorted due to heat
conduction of fins and natural convection. As the melting proceeds
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Table 7

Comparison of the temperature stability in different cases (AT is the temperature
change).

No. AT in Compared with AT in Compared with
charging Case E discharging Case E
Case 51.1°C +1.2°C 39.7°C +7.4°C
A
Case 48.9°C -1.0°C 37.2°C +4.9°C
B
Case 49.9°C 0 32.3°C 0
E
Case 48.7 °C -1.2°C 37.2°C +4.9°C
F

(9000 s), the natural convection in Case F gets stronger, and there are
more PCM melted in the upper, with mushy PCM at the bottom in
comparison with the liquid PCM in Case B. At 12,000 s, most PCM has
been melted fully in Case B with a little mushy PCM left at the bottom
left. By contrast, over half of PCM is still mushy in Case F, especially the
part at the bottom where the temperature is low caused by the high
density of the cold PCM. The results in Fig. 10 indicate the melting rate
in Case B is faster than in Case F, meaning the fin-stone hybrid has
stronger heat transfer enhancement than stones. Specifically, the
charging time in Case B is 44% shorter than in Case F, while the dis-
charging time is 30% shorter, as shown in Fig. 12(a).

For Case C and Case G, the difference in the melting front at 3000 s
and 6000 s mainly lies around fins caused by its heat transfer
enhancement. At 9000 s, the PCM at the top of Case C is highly melted
owing to the coordination of heat conduction and natural convection,
while the PCM only around the tube and the top stone of Case G is highly
melted as heat conduction is the primary heat transfer mode. At the time
of 12,000 s, the liquid fraction of the PCM around the bottom stone is
high in Case C; in comparison, the PCM at the bottom of Case G is hardly
melted, perhaps because the bottom stone is not in contact with the tube
and fin, so it is hard to conduct the heat from the HTF. As a result, more
time is required for charging in Case G, which is 97% longer than in Case
C.

Although the temperature fields on the left side of Case B and Case F
are nearly identical at 3000 s, the temperature in the middle of Case B is
obviously higher than in Case F owing to stronger heat conduction and
natural convection by fins. Isotherms in Case F are generally circular at
6000 s, suggesting heat conduction dominates the heat transfer. As the
time elapsed (9000 s) and stronger natural convection, the isotherms in
the upper extend faster than in the lower. By contrast, in Case B, the
isotherms in the upper develop faster from 6000 s, probably because
there are more liquid PCMs, as indicated in Fig. 12(a). At the time of
12,000 s, the temperature difference between the upper and lower is

significant in Case B, while it is less significant in Case F. In addition, the
maximum temperature difference in Case B is 13.7 °C, in comparison
with 16.6 °C in Case F, suggesting the fin-stone hybrid structure makes
the temperature distribution more uniform. It is seen from Figs. 8 and 12
that Case B and Case F store identical amounts of thermal energy, and
the proportion of each thermal energy component is nearly the same.
Although fins store only 1% of the total thermal energy in Case B, the fin-
stone hybrid structure accelerates thermal energy storage significantly,
with 75% higher energy storage rate and 57% higher energy release rate
than in Case F.

The difference in the temperature field between Case C and Case G
lies around the fins at 3000 s and becomes more significant at 6000 s.
And since the bottom stone is in contact with the fin and conducts the
heat, the PCM around it has a higher temperature in Case C. At 9000 s,
the temperature fields around the tube in the two cases are similar, while
the temperature at the top of Case C is significantly higher than in Case G
owing to stronger heat conduction and natural convection caused by the
fin. The temperature in the upper in both cases develops significantly
from 9000 s to 12,000 s; the temperature in the lower of Case C also
increases, while that in Case G hardly changes, perhaps because the



S. Zhang et al.

International Journal of Heat and Mass Transfer 224 (2024) 125325

llllllll

Case B CaseC CaseD CaseE CaseF CaseG CaseH

Fig. 14. The yearly energy supplied by different cases.

120
—
<
§ 100
>~
~
—
s 80
2
5 60
=
(&)
—
5 40
—~
2
= 20
0
Case A
Table 8
Mass of the eight cases.
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thermal conductivity of paraffin is low, leading to weak heat
conduction.

As shown in Fig. 12(b), Case C has shorter charging and discharging
times than Case G, 50% and 23% shorter, respectively. From Fig. 9(a),
energy storage and release rates in Case C are 96% and 44% higher than
in Case G, respectively. These results, along with those from Case B and
Case F, indicate that the fin-stone hybrid structure has better heat
transfer enhancement in charging than in discharging, probably because
fins are vertical and do not restrict the fluid flow; in charging, fins
enhance heat conduction and natural convection, both of which play an
important role in heat transfer; in discharging, fins mainly enhance heat
conduction which is the primary heat transfer mode, so the enhance-
ment is limited.

3.3. Performance evaluation

One of the advantages of latent heat thermal energy storage is tem-
perature stability during charging and discharging, which is beneficial
to stabilise the HTF outlet temperature. This performance is evaluated in
the current section. Cases A, B, E, and F are selected because they are
representative and cover various configurations, including fins only, the
fin-stone hybrid structure, no heat transfer enhancement, and stones
only. The average temperature of energy storage media, including the
PCM, stones, and fins, in each case, is calculated, and the results are
presented in Fig. 13 and Table 7.

For charging, the initial average temperature in all cases is 23.0 °C,
and the final average temperature in Case E, where there is no heat
transfer enhancement structure, is 72.9 °C, suggesting that the average
temperature change is 49.9 °C. The final average temperature in Case A
is slightly higher, 74.1 °C, perhaps because the high temperature of fins
increases the average temperature. Case B has a low final temperature
(71.9 °C) and a relatively small temperature change (48.9 °C versus 51.1
°C in Case A), which may be explained as follows: from Fig. 13, the
temperature curves of Case A and Case B are almost identical before L¢ =
0.3 at which the PCM around the tube and fins is melted, as indicated in
Fig. 5; at this stage, the tube and fins have a primary effect on heat
transfer; after that, the temperature in Case B is lower than in Case A
because the effective thermal conductivity in Case B is high, so heat can
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be easily transferred from the central to the side, without requiring a
high temperature to drive heat transfer. As a result, the temperature
change is lower. Compared to Case E, the temperature change is
decreased by 1.0 °C in Case B and 1.2 °C in Case F, while that is increased
by 1.2 °C in Case A.

In discharging, the final average temperature in Case A is 34.4 °C,
and the temperature change is 39.7 °C, while they are 34.5 °C and 37.2
°C in Case F, respectively. Case B has a similar final temperature (34.7
°C) to Case A and a smaller temperature change (37.2 °C). These results
indicate that the fin-stone hybrid has satisfactory temperature stability.
As Table 7 shows, all these three cases have a higher temperature change
than Case E, which is 7.4 °C, 4.9 °C, and 4.9 °C higher, respectively. That
is because the final average temperature in Case E is higher, leading to a
small temperature change.

For practical applications, the yearly energy supplied by a heat
storage unit is calculated by the following formula:

D
dear = 7Qres (18)
Trun

where D is the yearly operating time of a heat storage unit; tg is the
time of full charging and discharging; Qs is the energy released in
discharging because it is the energy supplied by the heat storage unit
and utilised in practice. It is assumed that the heat storage unit is always
in operation, and tg is the sum of charging and discharging times
predicted in this simulation. The initial conditions of charging may vary
in different cycles; however, the eight cases use the same initial condi-
tions and are compared with each other, so the effect of the difference in
initial conditions should be negligible.

From Fig. 14, Case E supplies the least energy due to the poor heat
transfer performance (23.8 MJ/year). After adding fins, i.e., Case A, the
yearly supplied energy increases by 114%, reaching 50.9 MJ/year.
Stones have a similar effect with different outcomes: the yearly energy in
Cases F, G, and H is 65.4 MJ/year, 43.9 MJ/year, and 62.3 MJ/year,
which is 175%, 84%, and 162% higher than in Case E, respectively. Case
F with 20 mm-sized stones supplies more energy than Case A (28%),
while Case G with 30 mm-sized stones supplies less energy (—14%),
probably because small stones have small volumes, meaning that there
can be more stones in the annulus; moreover, they have large surface
areas and are in contact with the tube, which all contribute to heat
transfer. The fin-stone hybrid structure further improves the yearly
supplied energy. Compared to Case A, the yearly supplied energy in-
creases by 121%, 67%, and 76% in Case B, Case C, and Case D,
respectively. Although the energy capacity in Case B is less than in Case
A, there is more charging and discharging over a year, leading to more
supplied energy.
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Since the density of stones is higher than that of paraffin, the mass of
different cases based on the same 40 mm length is compared and listed
in Table 8. Cases with the fin-stone hybrid structure have higher weight,
where Case B, Case C, and Case D are 94%, 75%, and 67% heavier than
Case A, respectively. However, they are not necessarily heavier than
cases with stones because Case D has fewer stones than Case H. Hence,
the fin-stone hybrid structure is suitable for on-site thermal energy
storage where thermal energy is collected and utilised at the same place,
without transport, such as on-site waste heat recovery [54] and resi-
dential building application [60].

4. Conclusions

A novel fin-stone hybrid structure integrating fins (popular thermal
enhancers) and natural stones (widely used sensible heat storage
media), which has advantages of low cost, environmental friendliness,
and easy accessibility, is developed in this study to enhance the heat
transfer of phase change materials for on-site thermal energy storage
applications. 3D models of eight cases with various configurations,
including the fin-stone hybrid structure, fins, stones, and no heat
transfer enhancement, are constructed, and melting front, temperature
response and the time-varying liquid fraction and thermal energy in
charging and discharging are discussed. The following conclusions are
drawn:

(1) Compared to fins, the fin-stone hybrid structure leads to a faster
melting front propagation, especially the one with 20 mm-sized
stones that makes a difference to the temperature distribution
from the early stage, owing to stones’ small volume, large surface
area, and contact with the tube and fins. Hybrid structures with
20 mm-, 30 mm-, and 40 mm-sized stones save the charging time
by 67%, 54%, and 56%, and the discharging time by 73%, 60%,
and 46%, respectively.

(2) The fin-stone hybrid structure with 20 mm-sized stones has 44%
shorter charging time and 30% shorter discharging time than
stones. The results of 20 mm- and 30 mm-sized cases indicate that

Appendix A

Translucence

)

>

International Journal of Heat and Mass Transfer 224 (2024) 125325

the hybrid structure has better heat transfer enhancement in
charging than in discharging, which is attributed to the conjoint
enhancement of heat conduction and natural convection in
charging.

(3) The hybrid structure shows satisfactory temperature stability,
where the temperature change is 48.9 °C in charging and 37.2 °C
in discharging, each lower than the fins, which is desirable to
stabilise the heat transfer fluid outlet temperature. The yearly
supplied energy of the hybrid structure with 20 mm-sized stones
is the most, 121% and 72% more than that of fins and stones,
respectively.
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Appendix B

The latent heat energy of the PCM is calculated by:
LEpcm = mpeym - L (B-1)
The sensible heat energy of the PCM is:

SEpcm = mpem +Cp, pom '(TPCM — Tini, pcm) (B-2)

where Tpcy is the average PCM temperature at the end of charging or discharging; Tini pcu is the initial PCM temperature at the start of charging or
discharging; mpcy is the mass of the PCM:

7(Dapen® — Duube’
mpcm = Veem * Ppem = M “Leal + € Ppem (B-3)

where [, is the calculation length, taken as 40 mm in the current study. The sensible heat energy of fins and stones is calculated by:

SEfn = Mpin Cpsin * (Ttin — Tini, fin) (B-4)

SEswne = Mgione 'Cp,stone '(Tslone - Tini,slone) (B-S)

where Tg, and Tsione is the average temperature of fins and stones at the end of charging or discharging, respectively. The mass of fins and stones are
calculated by:

My = Vi Py = 200 - Lt - pgy (B-6)
ad® 1
Mgone = Vitone * Pytone = ?N '%l * Pstone (B-7)

The energy storage rate Ry, is:

sto LE, SE SE| in SEs one
_ O« _ LEpcw + SEpem + SEfin + SE« (B-8)

tsio tsto

R sto

where &g, is the charging time. Tpcm and Tini, pom in SEpou are the ones in charging. The case is the same for SEg, and SEstone-
The energy release rate Ry is:

res LE; SE; SE| in SE% one
Ro — Ores _ LEpev + SEpem + SEiin + SEq (B-9)

fres tres

where tyes is the discharging time. Tpcy and Ty, pcm in SEpcy are the ones in discharging. The case is the same for SEg, and SEgope-
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