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A B S T R A C T   

Latent heat thermal energy storage improves the utilization efficiency of renewable energy. Phase change ma
terials (PCMs) commonly suffer from low thermal conductivity and many heat transfer enhancement methods 
have been developed. However, conventional methods need additional material preparation and processing, 
which increases the cost and makes them less environmentally friendly. In the current study, natural stones are 
used to enhance the heat transfer of the PCM in a shell-and-tube unit, forming a hybrid sensible-latent heat 
storage configuration. Namely, stones, which are widely accessible, low-cost and environmentally friendly, not 
only act as sensible heat storage media but as the thermal enhancer of the PCM. Results indicate that the energy 
storage rate of cases with 25 mm-sized stones increased by 8.3%–92.6%. The case with a filling height of 72.8 
mm is superior owing to the high energy storage rate and large total stored energy. The stone size rarely in
fluences the total stored energy that increases almost linearly with the void fraction, while it affects the energy 
storage rate significantly. Cases with 20 mm and 40 mm-sized stones generally have a higher storage rate. 
Finally, the mechanism is analysed.   

1. Introduction 

Thermal energy storage (TES) addresses the temporal and 
geographical mismatch between energy supply and demand, improving 
the utilization efficiency of renewable energy [1–4]. Moreover, this 
technology can store unstable thermal energy but release stable thermal 
energy, which overcomes the instability of some renewable energy re
sources [5–8]. Sensible heat storage materials (SHMs) such as stones are 
widely accessible and low-cost [9,10], and their thermal conductivity is 
relatively high (e.g. granite: 1.73–3.98 W/(m⋅K)) [11]. Latent heat 
storage materials (or phase change materials, PCMs) are more attractive 
because their energy density is large, and the temperature during 
charging and discharging keeps almost constant [12,13]. However, the 
thermal conductivity of most PCMs is low [14–16]. For example, the 
thermal conductivity of paraffin is only 0.1–0.3 W/(m⋅K) [17], which 
leads to the slow storage rate of renewable energy. 

Some technologies have been developed to enhance the heat transfer 
of the PCM. There are generally four heat transfer enhancement struc
tures for the shell-and-tube heat storage units: porous skeletons, fins, 
nanoparticles, and heat pipes. In terms of the porous skeleton, Liu et al. 
[18] studied the melting of the copper foam-enhanced paraffin in a 

horizontal shell-and-tube unit. Buonomo et al. [19] investigated the 
performance of aluminium foam partially filled in a heat storage unit. 
The results indicate that the melting time of the PCM is reduced as the 
thickness of the metal foam increases. Zhang & Yan [20] studied the 
energy release performance of molten salt enhanced by ceramic foam, 
where the position and filling height of the ceramic foam were opti
mised. They found that the upper-filled foam was superior to the 
lower-filled foam, and the solidification time of molten salt can be 
shortened by 52%. Additionally, the energy release rate of the unit filled 
with ceramic foam was increased by 118%, and the ceramic showed 
good corrosion resistance to molten salt. 

Concerning fins, Yang et al. [21] performed a numerical simulation 
to study the melting process of paraffin enhanced by annular fins in a 
heat storage unit, where the influence of the number, height and 
thickness of fins was analysed. Huang & Liu [22] developed tree-shaped 
fins to enhance the heat transfer of the PCM and found that the novel fins 
shortened the total melting and solidification time by 35% and 49%, 
respectively. The effect of natural convection is significant in the melting 
process, while it is negligible in the solidification process. The upward 
flow of heat transfer fluid (HTF) improves the melting of the PCM, while 
the downward flow of the HTF is superior for solidification. Dekhil et al. 
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[23] studied the effect of longitudinal and radial fins. Longitudinal fins 
show better heat transfer enhancement performance than radial fins. 
The melting fraction in the longitudinal fin configuration is 50% in 2 h, 
while that in the radial fin configuration is 44%. The solidification 
fraction in the longitudinal fin configuration is 50% in 2 h, while that in 
the radial fin configuration is 43%. 

For nanoparticles, Mahdi et al. [24] studied alumina nanoparticles in 
multiple PCMs for thermal energy storage. Their results indicate that the 
solidification rate can be increased by 19%. However, Parsazadeh & 
Duan’s study suggests that adding nanoparticles results in a longer 
charging time and lower energy storage rate [25]. 

Another heat transfer enhancement method is using heat pipes. 
Shabgard et al. [26] analysed the influence of heat pipes on thermal 
energy storage for solar power generation, where KNO3 and Therminol 
VP-1 were used as the PCM and HTF, respectively. In Module 1, the HTF 
flows through the inner tube, while PCM surrounds that; the orientation 
of heat pipes has little effect on the thermal response. In Module 2, HTF 
flows over the tube, while PCM is contained within that; the orientation 
of heat pipes plays a significant role in the thermal response. Nithya
nandam & Pitchumani [27] adopted similar modules and studied the 
impact of the number of heat pipes. They found that Module 1 stored 
more thermal energy, and the one with four heat pipes had the best 
performance. 

Although many methods have been developed to enhance the heat 
transfer of the PCM, they commonly need additional material prepara
tion and processing, which consumes water and electricity and emits 
greenhouse gas, making them less environmentally friendly. Natural 

Fig. 1. (a) Schematic of the hybrid sensible-latent heat storage unit; (b) cross-section of the heat storage unit; (c) physical model used in the current simulation; (d) 
mesh of the computational domain. 

Table 1 
Detailed information on stones in the current simulation.  

d, mm N H, mm d, mm N H, mm d, mm N H, mm 

20 1 20.0 25 1 25.0 30 1 30.0 
5 35.4 3 31.6 3 40.0 
8 46.0 5 49.5 5 65.6 
12 62.9 7 72.8 7 92.3 
16 82.7 9 96.3 8 110.0 
20 97.0 12 119.3    
23 112.0       

35 1 35.0 40 1 40.0    
3 49.4 3 60.0    
5 82.9 5 100.0    
7 109.5 6 120.0    

*d: diameter of stones; N: number of stones in a single unit; H: filling height. 

Fig. 2. Void fraction of all simulation cases.  

Table 2 
Properties of granite and paraffin [11,17].  

Property Granite Paraffin 

Density, kg/m3 2640 785 
Specific heat, J/(kg⋅K) 820 2850 
Thermal conductivity, W/(m⋅K) 2.86 0.3 (solid)/0.1 (liquid) 
Melting point, ◦C – 54.4–64.1 
Latent heat, J/kg – 175,240 
Viscosity, mPa⋅s – 3.65 
Coefficient of thermal expansion, K− 1 – 3.085 × 10− 4  
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stones have higher thermal conductivity; more importantly, they are 
naturally and widely accessible, so they are environmentally friendly 
and low-cost. However, the stone/PCM heat storage structure is rarely 
studied, which leads to a poor understanding of this configuration and 

hampers its potential applications. In the current research, natural 
stones are used to enhance the heat transfer of the PCM; meanwhile, 
they act as sensible heat storage media, forming a hybrid sensible-latent 
heat storage configuration. A numerical simulation is performed, and 
the energy storage performance in a shell-and-tube unit is evaluated. 
The melting front, velocity field, temperature response, and energy 
storage performance are analysed. Additionally, the configuration of 
stones is optimised to get superior structures. This study aims to guide 
the potential application of high-performance, low-cost, and environ
mentally friendly thermal energy storage technology. 

2. Mathematical model 

2.1. Description of hybrid energy storage unit 

The schematic of the hybrid sensible-latent heat storage unit is 
shown in Fig. 1(a). The PCM and natural stones fill the annular space 
between the shell and the inner tube. The PCM acts as the latent heat 
storage medium, while natural stones act as the sensible heat storage 
medium, forming a hybrid sensible-latent heat storage configuration. 
Natural stones also act as the thermal enhancer of the PCM because their 
thermal conductivity is much larger than that of the PCM. 

In practice, the shape of natural stones is irregular, making it difficult 
to evaluate the effect of various parameters such as size and height. It is 
assumed that stones are spherical to assess various parameters and 
identify regularities. 

Spherical stones are arranged tangent to each other in a shell-and- 
tube unit with an inner diameter of 40 mm and an outer diameter of 
120 mm (Fig. 1(b)). Actually, there are several different arrangements of 
stones. The current arrangement considers gravity and makes the stones 
be in contact with the tube as far as possible in order to conduct the heat 
of the tube. 

Different sizes and heights of stones are considered to get superior 
structures. Detailed information on stones is listed in Table 1. Taking 
d (diameter of stones) = 20 mm as the example, the length of the single 
unit is 20 mm; the maximum N (number of stones) is 23 (the complete 
filling), while the minimum is 1. H (filling height) is measured using the 
Auto CAD package; for instance, there are five 20 mm-sized stones; in 
that case, the stone array is measured to be 35.4 mm high, so H is 35.4 
mm. The void fraction is the ratio of the void volume to the total volume 
and is calculated by: 

ε=Vvoid

Vtotal
=

Vtotal − Vstone

Vtotal
= 1 −

πd3

6 N
π(Dshell

2 − Dtube
2)

4 lu

(1)  

where ε is the void fraction; Vvoid, Vstone, and Vtotal are the void, stone, 
and total volumes, respectively; Dshell and Dtube are the shell and tube 
diameters, respectively; lu is the length of a single unit, which equals d. 

Fig. 3. Independence test of (a) grid and (b) time step.  

Fig. 4. Verification of the Melting/Solidification model with Atal et al. [40]’s 
experimental data. 

Fig. 5. Model verification with Al-Abidi et al. [41]’s experimental data.  
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The void fraction of all simulation cases, which ranges from 0.50 to 0.98, 
is presented in Fig. 2. 

Due to symmetry, only a quarter of a single unit is used as the 
computational domain (Fig. 1(c)). The extremely small gap between two 
tangent spheres would lead to high skewness, which easily causes 
computational divergence. A common approach to this problem is to 
reduce the size of the sphere to 0.99 times (the “near-miss” model) [28], 
which is adopted in the current study. The mesh between neighbouring 
spheres is refined by reducing size. For the interior of spheres, large 
meshes with ~2 mm are created to save the computational source (Fig. 1 
(d)). For the gap between two neighbouring spheres, small meshes with 
~0.2 mm are created to improve the computational accuracy. The 
maximum skewness of the volume mesh is 0.78, which meets the 
requirement of the fluid simulation [29]. 

2.2. Governing equations 

Some assumptions are made for the numerical simulation: (1) the 
PCM and stones are isotropic and homogenous; (2) the properties of 
energy storage materials, except for the density of the liquid PCM, are 
constant; (3) the liquid PCM is incompressible; (4) the Boussinesq 
approximation is employed to deal with natural convection. Assump
tions (1)–(4) are usually used in simulating the melting of the PCM and 
have been adopted in numerous studies such as Refs. [30–34]. The 
density of the liquid PCM is assumed to vary linearly with temperature 
in Boussinesq approximation; so, the natural-convection problem is 
simplified, and the convergence can be got faster [35,36]. 

The continuity equation is: 

∇ • U→= 0 (2) 

The momentum equations are as follows: 

ρPCM
∂u
∂t

+ ρPCM

(
U→•∇u

)
= −

∂p
∂x

+ μPCM∇
2u −

(1 − φ)2

(φ3 + ω)Amushyu (3)  

ρPCM
∂v
∂t

+ ρPCM

(
U→•∇v

)
= −

∂p
∂y

+ μPCM∇
2v+ ρPCM g β

(
T − Tm,s

)

−
(1 − φ)2

(φ3 + ω)Amushyv (4)  

ρPCM
∂w
∂t

+ ρPCM

(
U→•∇w

)
= −

∂p
∂z

+ μPCM∇
2w −

(1 − φ)2

(φ3 + ω)
Amushyw (5)  

where U (u, v, and w are the components of the velocity vector in x, y, 
and z directions, respectively) is the fluid velocity [37]; ρ is the density. t 
is the time, which is transient; thus, the dynamic energy storage process 
can be simulated. p is the pressure; T is the temperature; g is the gravi
tational acceleration. μ and β are the viscosity and the thermal expansion 
coefficient respectively; Amushy is the mushy zone constant; Tm, s is the 
solidus temperature of the PCM [38]. ω is a small number (0.001) to 
avoid being divided by zero. φ is the melting fraction in a single cell, 
which is evaluated by the enthalpy method [39]: 

φ=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Tm,s

T − Tm,s

Tm,l − Tm,s
Tm,s ≤ T ≤ Tm,l

1 T > Tm,l

(6)  

where Tm, l is the liquidus temperature of PCM. 
The energy equation is given by Ref. [39]: 

ρPCMcp,PCM

(
∂T
∂t

+ U→•∇T
)

= kPCM∇
2T − ρPCML

dφ
dt

(7) 

Fig. 6. Melting front of phase change material at different time (the plane at half the thickness).  
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where cp is the specific heat; L is the latent heat; k is the thermal 
conductivity. 

Paraffin is used as the PCM, and the type of stone is granite. Their 
thermo-physical properties are listed in Table 2. 

2.3. Initial and boundary conditions 

The initial temperature of the whole computational domain is 23 ◦C: 

T0 = 23◦C (8) 

The temperate of the inner tube is set as 75 ◦C: 

Ttube = 75◦C (9) 

The shell is assumed to be adiabatic: 

∂Tshell

∂x
= 0,

∂Tshell

∂y
= 0,

∂Tshell

∂z
= 0 (10) 

At the interface between the PCM and stones: 

TPCM =Tstone (11)  

( − kPCM∇TPCM) • n=( − kstone∇Tstone) • n (12)  

where n is the unit normal vector to the interface between the PCM and 
stones [37].The initial and boundary conditions remain constant. 

2.4. Independence test of grid and time step 

The numerical model is solved using ANSYS Fluent. The governing 
equations are differentiated using the finite volume method (FVM) and 
solved simultaneously. The pressure and velocity are coupled using the 
SIMPLE scheme, and the pressure, momentum, and energy terms are 

discretised using the second-order upwind method. The under- 
relaxation factors are set as 0.3, 1, 1, 0.7, 0.9, and 1 for pressure, den
sity, body forces, momentum, liquid fraction update, and energy, 
respectively. The convergence criteria for continuity, momentum, and 
energy equations are 10− 4, 10− 4, and 10− 6, respectively. The indepen
dence test of the grid and time step is carried out. First, three mesh sets 
(63,312 cells, 87,835 cells and 128,610 cells) are tested at the case of d 
= 25 mm and H = 119.3 mm. It is seen from Fig. 3(a) that there is little 
difference in melting fraction between the three mesh sets. Then, time 
steps of 0.5 s, 1 s and 2 s are tested, and the difference in total melting 
time is less than 0.3%. Thus, the mesh set of 87,835 cells and the time 
step of 1 s are employed in the current simulation. 

2.5. Model verification 

The numerical model is verified from two aspects. First, the Melting/ 
Solidification model is verified. Atal et al. [40] studied the melting and 
solidification of paraffin in a horizontal heat storage unit and measured 
the temperature at the midpoint between the inner and outer tubes. 
Fig. 4 indicates that the overall trend of the numerical results is 
consistent with the experimental data. The difference should be attrib
uted to the fact that: in Atal et al.‘s experiment, there is no insulation at 
one end of the tube, so heat loss exists; by contrast, the boundary is set as 
adiabatic in the simulation. At the end of melting, the difference be
tween the numerical and experimental data is 2.2 ◦C (3.3%); then, the 
difference gets smaller. At the end of solidification, the numerical results 
are almost identical to the experimental results. Therefore, the Mel
ting/Solidification model is validated. 

Second, the stone/PCM configuration is verified. However, since the 
stone/PCM configuration is a novel structure, there is little experimental 
data in the open literature. The principle of this configuration is that the 
thermal enhancer increases the heating area of the PCM. The finned unit 

Fig. 7. Velocity distribution of phase change material at different time (the plane at half the thickness).  
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has the same principle; thus, the experimental results of this structure 
are used to validate the model. Al-Abidi et al. [41] investigated the so
lidification of paraffin in a finned heat storage unit. The comparison 
between the recorded temperature and numerical results is shown in 
Fig. 5, and the maximum difference is less than 5%. Therefore, the 
current numerical model is validated. 

3. Results and discussions 

3.1. Performance analysis 

Taking cases of d = 25 mm as an example, the thermal energy storage 
performance is analysed, and the melting front of the PCM is shown in 
Fig. 6. The selected plane is at half the thickness, i.e. z = 6.25 mm (z 
means the z direction and is marked in Fig. 1(c); the total thickness of the 
computation domain of these cases is 12.5 mm). It is seen that at 5000 s, 
the PCM surrounding the tube is melted first. The mushy zone in the case 
of H = 119.3 mm is a little larger, while there is no significant difference 
between the other three cases. At 10,000 s, the mushy zone in cases of H 
= 72.8 mm and H = 119.3 mm is larger than the other two cases. This is 
because some stones are in contact with the inner tube, which helps 
transfer the tube’s heat to the PCM, so the PCM around these stones is 
melted faster. Due to natural convection, the melting rate at the upper 
half is significantly higher than that of the lower half. At 30,000 s, the 
PCM at the upper half in cases of H = 72.8 mm and H = 119.3 mm is all 
melted; by contrast, there is still some mushy PCM in the cases of H = 0 
mm and H = 31.6 mm. It is noted that the melting front of these two 
cases is almost identical from 5000 s to 30,000 s. That should be 
attributed to the fact that stones are placed at the bottom of the annular 
space and are not in contact with the inner tube, so the effect on the 
melting front is insignificant from 5000 s to 30,000 s. 

Fig. 7 shows the velocity distribution of the PCM and suggests that 

for the case of H = 0 mm, the velocity at 5000 s is small owing to the 
limited flow space. As the melting proceeds, the flow space expands, and 
the liquid PCM is accelerated. And the velocity near the tube and at the 
solid/liquid interface is higher than that in other regions, which results 
from the natural convection. For the case of H = 119.3 mm, there is little 
difference in the velocity field compared to that of H = 0 mm at 5000 s. 
However, at 20,000 s (and 30,000 s), the difference in the flow space is 
significant (Fig. 6), which leads to the different velocity fields. Since 
stones restrict the flow of the liquid PCM, the velocity is smaller than 
that of H = 0 mm. 

It is seen from Fig. 8 that the difference in the temperature fields 
between the four cases is insignificant at 5000 s. For the case of H = 72.8 
mm, the PCM around the stone, which is in contact with the inner tube, 
has a slightly higher temperature at 10,000 s because the stone helps 
conduct the tube’s heat to the PCM. A similar phenomenon can be 
observed in the case of H = 119.3 mm. Due to natural convection, the 
temperature at the upper half is higher than that at the lower half. At 
30,000 s, the temperature difference between the upper and lower half is 
remarkable in the cases of H = 0 mm and H = 31.6 mm; by contrast, it is 
less significant in those of H = 72.8 mm and H = 119.3 mm. 

The energy storage parameters of all cases are calculated based on a 
40 mm-length unit for comparison, and the variation of the melting 
volume with time is plotted in Fig. 9(a). At the initial stage, the melting 
volume of the PCM in different cases is almost identical; afterwards, the 
melting volume in the case of H = 119.3 mm rises faster. However, at 
20,000 s–30,000 s, the melting volume in the case of H = 72.8 mm is the 
largest. Fig. 9(b) shows the average melting rate and indicates that the 
melting rate in cases with stones is higher than without. The melting rate 
increases as the filling height increases from 25.0 mm to 72.8 mm. It is 
noted that the increase in the melting rate is more significant when the 
filling height increases from 49.5 mm to 72.8 mm because some stones 
are in contact with the inner tube (Fig. 10) and transfer the tube’s heat to 

Fig. 8. Temperature field of phase change material at different time (the plane at half the thickness).  
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the PCM. The melting rate in the case of H = 72.8 mm is the largest, 
which is 69.5% higher than without stones. 

However, the melting rate decreases as the filling height further in
creases (72.8 mm–119.3 mm) because natural convection, which is 
strong at the top, is suppressed significantly by stones (Fig. 10). 

Fig. 11 shows the variation of heat flux of the inner tube with time. 
The heat flux generally decreases with time because the temperature 
difference between the energy storage material and the inner tube de
creases. Before 10,000 s, the heat flux in the case of H = 119.3 mm is the 
largest because the stone number is the most, and the heat transfer 

performance is the best. The heat flux in the cases of H = 72.8 mm and H 
= 96.3 mm is also high; however, it becomes smaller than that in the 
other four ones after about 25,000 s. As Fig. 8 shows, the temperature in 
the case of H = 72.8 mm is higher than that of H = 31.6 mm, which leads 
to a lower temperature difference between the energy storage material 
and the inner tube and, thus, a lower heat flux. The heat flux in the cases 
of H = 25.0 mm, H = 31.6 mm, and H = 49.5 mm is basically the same as 
that of H = 0 mm. 

Temperature uniformity is another important characteristic of en
ergy storage material. The average temperature, maximum temperature 

Fig. 9. (a) Variation of the melting volume of the PCM with time; (b) effect of the filling height of stones on melting time and rate.  

Fig. 10. Schematic of cases of H = 49.5 mm, 72.8 mm, and 119.3 mm.  

S. Zhang and Y. Yan                                                                                                                                                                                                                           



Renewable Energy 215 (2023) 118921

8

difference, and temperature non-uniformity index are shown in Fig. 12. 
The maximum temperature difference is calculated by: 

ΔT (fl)= Tmax(fl) − Tmin(fl) (13) 

The temperature non-uniformity index is defined as: 

δ (fl)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
[Ti(fl) − T (fl)]

2

n

√
√
√
√
√

(14)  

where fl is the average melting fraction; n is the number of cells; Ti (fl) is 
the temperature of cell i at fl; Tmax(fl) and Tmin(fl) are the highest and 
lowest temperature of energy storage materials, respectively; T(fl) is the 
average temperature of energy storage materials. 

It is seen from Fig. 12(a) that the average temperature in the four 
cases is a bit different at the same melting fraction. And the average 
temperature in the case of H = 0 mm is the highest at fl = 1.0. That 
should be attributed to the longest heating time, as Fig. 9(a) indicates. 
Fig. 12(b) shows that the maximum temperature difference generally 
decreases with the melting fraction. This is because the highest tem
perature of energy storage materials is about 75 ◦C, i.e. the temperature 
of the inner tube; the lowest temperature increases with the melting 
fraction. At fl = 0.1 and 0.2, the temperature difference in the case of H 

Fig. 11. Variation of heat flux of the inner tube with time in difference cases.  

Fig. 12. (a) Average temperature, (b) maximum temperature difference and (c) temperature non-uniformity index in different cases.  
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= 119.3 mm is the largest; however, afterwards, the four cases have 
nearly the same temperature difference. Namely, although stones 
replace some PCM in the heat storage unit, the maximum temperature 
difference rarely changes. At fl = 0.1 (0.2 and 0.3), the case of H = 119.3 
mm has the highest non-uniformity index. As the melting proceeds, the 
temperature non-uniformity index in the case of H = 0 mm becomes the 
highest. It is because the thermal conductivity of the PCM is low, and the 
amount of the PCM in the case of H = 0 mm is the largest, which leads to 
poor heat transfer performance. However, since the total heating time is 
the longest, the PCM is heated fully, so the temperature distribution in 
the case of H = 0 mm is the most uniform at fl = 1.0. The difference in the 
temperature uniformity between cases of H = 31.6 mm, H = 72.8 mm 

and H = 119.3 mm is insignificant finally. 
Fig. 13(a)-(d) shows various energy parameters. It is seen that the 

variation of latent heat energy is similar to that of melting volume. The 
sensible heat energy of the PCM in the case of H = 0 mm always rises 
fastest because the amount of the PCM is the most. Fig. 13(c) indicates 
that the difference in the sensible heat energy of stones between 
different cases is significant. The case of H = 119.3 mm stores sensible 
heat energy much faster than other cases, not only because the amount 
of stones is more, but because the temperature increases faster. 

It is seen from Fig. 13(d) that the total energy in cases of H = 25.0 
mm, H = 31.6 mm, and H = 49.5 mm rises slightly slower than that in 
the case of H = 0 mm, but the average energy storage rate is higher 

Fig. 13. (a) Variation of the latent heat energy of phase change material with time; (b) variation of the sensible heat energy of phase change material with time; (c) 
variation of the sensible heat energy of stones; (d) variation of the total energy with time; (e) effect of the filling height on total stored energy and energy storage rate. 
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(Fig. 13(e)). The average energy storage rate in the case of H = 25.0 mm 
is 8.3% higher than that in the case of H = 0 mm. For the case of H = 0 
mm, the energy storage rate in the final stage is very low (Fig. 14) 
because heat conduction is the primary heat transfer mode for the bot
tom PCM. As the thermal conductivity of the PCM is low, it takes quite a 
long time to melt the bottom PCM. For the case of H = 31.6 mm, stones 
replace some bottom PCM; moreover, their thermal conductivity is 
higher; thus, the melting time of the bottom PCM is shortened, and the 
average energy storage rate is improved. As Fig. 14 shows, at 40,000 s, 

the amount of the liquid PCM in cases of H = 0 mm and H = 31.6 mm is 
almost identical. At 70,000 s, there is still some mushy PCM in the case 
of H = 0 mm; by contrast, the PCM is melted fully in the case of H = 31.6 
mm. 

The total energy in the case of H = 119.3 mm rises fastest before 
20,000 s, and its average energy storage rate is the highest (Fig. 13(e)). 
And the energy storage rate is increased by 92.6% compared to the case 
of H = 0 mm. The average energy storage rates in cases of H = 72.8 mm, 
H = 96.3 mm, and H = 119.3 mm are almost identical (2.06 W, 2.04 W, 
and 2.09 W, respectively). It is noted that the average energy storage 
rates of the three cases are significantly higher than those of the other 
cases. That should be attributed to the fact that stones are in contact with 
the inner tube. The heat flux of the inner tube in cases of H = 49.5 mm 
and H = 72.8 mm is plotted in Fig. 15. The melting fraction, rather than 
time, is used as the x-axis to reduce the influence of temperature dif
ference on heat flux. As shown in Fig. 15, the heat flux in the case of H =
72.8 mm is higher than that in the case of H = 49.5 mm, indicating 
stones have better performance in transferring the heat of the inner tube. 

Since the total stored energy in the case of H = 72.8 mm is more 
(87.0 kJ, compared to 83.1 kJ in the case of H = 96.3 mm, and 77.3 kJ in 
the case of H = 119.3 mm), this case is superior. 

3.2. Parametric optimization 

The effect of different sizes of stones is analysed to find the superior 
ones, and the variation of the melting volume of the PCM is plotted in 
Fig. 16(a). The melting volume (and the stored energy in the following) 
in all the cases is calculated based on a 40 mm-length heat storage unit. 
The cases in Fig. 16(a) are under the maximum and minimum void 
fractions (ε). It is seen that under the minimum void fraction, the PCM in 
the case of d = 20 mm is melted faster, while under the maximum 
fraction, the PCM in the case of d = 40 mm is melted faster. Fig. 16(b) 

Fig. 14. Energy storage rate and melting front at different time in cases of (a) H = 0 mm and (b) H = 31.6 mm.  

Fig. 15. Heat flux of the inner tube in cases of H = 49.5 mm and H = 72.8 mm.  
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indicates that the case of d = 40 mm has a much higher average melting 
rate. The melting rate in the case of d = 20 mm is also high when the void 
fraction is less than 0.89. It is noted that for all sizes of stones, the 
melting rate first increases with the void fraction and then decreases. 
There is always a peak melting rate. For example, the peak melting rate 
occurs at ε = 0.67 in the case of d = 20 mm while at ε = 0.77 in the case 
of d = 25 mm. 

Fig. 17(a) shows the variation of the stored energy in different cases. 
Similar to the melting volume, the case of d = 20 mm stores thermal 
energy faster under the minimum void fraction, while the case of d = 40 
mm stores thermal energy faster under the maximum fraction. However, 
the size of stones has little influence on the total stored energy that in
creases almost linearly with the void fraction, as Fig. 17(b) indicates. 

As indicated in Fig. 18(a), the energy storage rate is influenced 
significantly by the stone size, and cases of d = 20 mm and d = 40 mm 
generally have a higher energy storage rate. When the void fraction is 
around 0.6, the energy storage rate in the case of d = 20 mm (ε = 0.58) is 

3.10 W, while that in the case of d = 25 mm (ε = 0.61) is 2.09 W; the 
former is 48.3% higher than the latter. At the high void fraction (ε >
0.89), the energy storage rate in the case of d = 20 mm is low. 

The cases of d = 20 mm (ε = 0.58) and d = 25 mm (ε = 0.61) have a 
similar void fraction, and their heat flux is plotted in Fig. 18(b). For the 
case of d = 20 mm, more stones surround the inner tube, which is 
beneficial for transferring the tube’s heat. As a result, the heat flux and 
energy storage rate are higher. The difference in the stone arrangement 
between these two cases mainly lies in the lower half. As indicated in 
Fig. 18(c), the number of stones surrounding the lower half of the tube is 
more than that in the case of d = 25 mm, which accelerates the melting 
of the PCM at the lower half. 

4. Conclusions 

In the current study, natural stones are used to enhance the heat 
transfer of the PCM, forming a hybrid sensible-latent heat storage 

Fig. 16. (a) Variation of melting volume of the PCM enhanced by different sizes of stones at maximum and minimum void fractions; (b) influence of the stone size on 
melting rate. 
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configuration. Namely, stones not only act as sensible heat storage 
media but as the thermal enhancer of the PCM. They have the advan
tages of being widely accessible, low-cost, and environmentally friendly. 
Melting front, temperature response, and energy storage performance 
are analysed. The following conclusions are drawn.  

(1) The energy storage rate of all 25 mm-stone filling cases is 
increased. The minimum increase is 8.3%, while the maximum is 
92.6%. The case with a filling height of 72.8 mm is superior 
owing to the high energy storage rate and large total stored 
energy.  

(2) The enhancement mechanism is different according to the filling 
height. For cases where stones are not in contact with the tube, 
the energy storage rate is improved by shortening the melting 
time of the bottom PCM. For cases where stones are in contact 
with the tube, the energy storage rate is improved by conducting 
the tube’s heat.  

(3) The total stored energy, which increases almost linearly with the 
void fraction, is rarely influenced by the stone size, while the 
energy storage rate is affected significantly. At the void fraction 
of about 0.6, the energy storage rate in the case of 20 mm-sized 
stones is 48.3% higher than that of 25 mm-sized stones. The case 
with 20 mm or 40 mm-sized stones generally has a higher energy 
storage rate. Since more stones surround the inner tube, the 
tube’s heat can be transferred better; as a result, the heat flux and 
energy storage rate are higher. 
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Nomenclature 

HTF Heat transfer fluid 
PCM Phase change material 
SHM Sensible heat storage material 
TES Thermal energy storage 
Amushy Mushy zone constant, kg/(m3⋅s) 
cp Specific heat capacity, J/(kg⋅K) 
d Diameter of stones, mm 
Dtube, Dshell Tube diameter and shell diameter, mm 
fl Average melting fraction 
g Gravitational acceleration, m/s2 

H Filling height of stones, mm 
k Thermal conductivity, W/(m⋅K) 
lu Length of a single unit, mm 
L Latent heat, J/kg 
n Number of cells 

Fig. 18. (a) Effect of the stone size on energy storage rate; (b) heat flux of the inner tube in cases of d = 20 mm and d = 25 mm; (c) melting front in cases of d = 20 
mm (ε = 0.58) and d = 25 mm (ε = 0.61) under different average melting fractions (the plane at half the thickness). 
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n Unit normal vector 
N Number of stones in a single unit 
p Pressure, Pa 
t Time, s 
T Temperature, K 
T0 Initial temperature, ◦C 
Ti (fl) Temperature of cell i at fl, K 
Tm, s, Tm, l Solidus temperature and liquidus temperature of PCM, K 
ΔT Maximum temperature difference, ◦C 
T(fl) Average temperature at fl, K 
u, v, w Velocity in x, y and z direction, m/s 
U Fluid velocity, m/s 
V Volume, m3  

Greek letters 
ρ Density, kg/m3 

μ Viscosity, Pa⋅s 
ω A small number 
β Thermal expansion coefficient, K− 1 

δ Temperature non-uniformity index, ◦C 
ε Void fraction 
φ Melting fraction in the cell  

Subscripts 
max Maximum 
min Minimum 
PCM Phase change material 
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