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Abstract: In order to improve energy storage efficiency and promote the early achievement of global
carbon neutrality goals, this paper proposes a spherical thermal storage unit filled with a composite
phase change material (CPCM) comprising myristic acid (MA) and expanded graphite (EG). The
effects of EG content and Stefan number (Ste) on the melting performance were investigated through
a combination of experiments and numerical simulations. The results show that an increase in EG
content (especially for ≥4 wt.% EG) leads to a temperature profile that assumes a concentric ring
shape, while the melting rate increases with an increase in both the EG mass fraction and the Ste
number. Compared to pure MA, the time required to complete melting was reduced by 82.2%, 85.6%,
and 88.0% at EG contents of 4 wt.%, 5 wt.%, and 6 wt.%, respectively. Notably, the Ste value has a
greater effect on melting when the EG content is ≤3 wt.%. The optimal EG content in the spherical
cell was determined to be 4 wt.%, and a dimensionless analysis established a general correlation
between the liquid mass fraction and the Fo, Ste, and Gr numbers.

Keywords: composite phase change material; spherical thermal storage unit; melting characteristics;
dimensionless analysis

1. Introduction

With the sustained growth of the global economy and population, energy demand
continues to increase, mainly supplied by fossil fuels such as coal, gasoline, and natural
gas. However, the world is facing severe challenges in an energy crisis. In order to solve
this problem, renewable energy, such as solar and wind power, must be vigorously devel-
oped. According to data from the International Renewable Energy Agency (IRENA), as of
2022, the global solar and wind power generation capacity increased by 22.24% and 9.06%,
respectively, from the previous year [1]. Although the development of renewable energy
is an important measure to solve the energy crisis, these energy sources are unstable and
intermittent in supplying energy [2]. Therefore, the development of thermal energy storage
technology has become the key to solving these problems, as it can improve the compre-
hensive utilization level of renewable energy [3,4]. Among many thermal energy storage
technologies, phase change thermal energy storage technology has gradually become the
mainstream energy storage method due to its stable charging and discharging temperature,
high energy density, and small volume change. However, most phase change materials
(PCM) have low thermal conductivity [5–7], resulting in low charging and discharging
efficiency of the thermal storage device, which is one of the key problems hindering the
development of phase change thermal energy storage technology.

To solve this problem, scholars have carried out a large amount of research, mainly
using two methods: optimizing the structure of the thermal storage unit and modifying
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PCMs. The former usually involves adding fins or changing the shape of the thermal storage
unit in the thermal storage device to increase the heat exchange area and natural convection
intensity between PCM and the heat storage unit, thereby improving the charging and
discharging rate of PCM. Sun et al. [3] proposed a double-spherical PCM thermal storage
unit with a ring-shaped fin and studied the influence of each parameter of the fin on
the thermal performance of the thermal storage unit through experiments and numerical
simulations. They pointed out that the ring-shaped fin can shorten the heat storage time
of the heat storage unit by 14.4%. Joshi et al. [8] used structural theory to minimize the
total melting time of a given fin-to-PCM volume ratio by relocating and reducing the size
of the fins in the high heat transfer potential zone. The results showed that the optimized
fin-to-PCM volume ratio was reduced by 50%, and the melting rate of the phase change
material was increased by 6.34% within the same melting time. Jia et al. [9] investigated the
effect of needle-shaped fins on spherical PCM storage units, discussing the impact of fin
quantity, length, and diameter on fin efficiency, and found that the optimal needle-shaped
fin could shorten melting time by more than 50%. Meghari et al. [10] used n-octadecane and
gallium as phase change materials, filled in spherical storage units with ordinary fins and
hollow fins. Through CFD numerical simulation, the effects of ordinary fins and hollow
fins at different angles were compared, and the results showed that the melting time of
PCM with hollow fins was reduced by 14 times compared to the structure without fins.
Tang et al. [11] proposed adding a heat transfer fluid channel in the spherical storage unit
and discussed the influence of channel diameter, inclination angle, and other parameters on
melting performance. Finally, they pointed out that the melting time was reduced by 28%
when the ratio of channel diameter to sphere diameter was 0.25. However, while adding
fins can indeed improve the heat storage rate, the fins themselves occupy a certain volume
of the storage unit, which may reduce the overall heat storage capacity. In addition, the
manufacturing and installation processes for fins are also relatively complex. Therefore,
modifying the PCM may be a more advantageous approach.

The main method for modifying phase change materials is to composite them with
high thermal conductivity materials such as metal nanoparticles, carbon nanoparticles, etc.,
to obtain composite phase change materials (CPCM) with higher thermal conductivity. Yang
et al. [12] proposed three types of composite materials, namely “nanoparticle/paraffin”,
“metal foam/paraffin”, and “nanoparticle/metal foam/paraffin”. Based on the heat flux
method and heat storage experiments, the heat transfer performance and the effect of metal
foam and nanoparticles on the thermal properties of different parameter composite PCMs
were studied. The results showed that the thermal conductivity of “nanoparticle/paraffin”,
“metal foam/paraffin”, and “nanoparticle/metal foam/paraffin” increased in turn, and they
were 123.27%, 740.39%, and 847.15% higher than pure paraffin, respectively. The melting
time was reduced by 6.74%, 62.72%, and 72.61% compared with pure paraffin, respectively.
Prabakaran et al. [13] developed a composite phase change material by combining fatty acid
with functionalized graphene nanoplatelets and studied its melting behavior in a spherical
thermal energy storage unit. The results showed that when the volume fraction of graphene
nanoplatelets was 0.5%, the thermal conductivity was enhanced by about 102%, and the
melting time was significantly shortened. However, the study also revealed the issue of
increased viscosity caused by the addition of nanomaterials, which needs to be addressed.
Mayilvelnathan et al. [14] synthesized a CPCM by compounding graphene nanoparticles
with erythritol and tested its thermal performance in a horizontal shell and tube heat
exchanger. The results showed that the melting time of NDPCM was 20% shorter than that
of pure PCM when the inlet temperature of heat transfer oil was 180 ◦C, and the mass flow
rate was 1 kg/min. Zhang et al. [15] proposed a new fin structure and the addition of Al2O3
nanoparticles to enhance the thermal storage performance of energy storage systems. Nano
Al2O3 particles were added to PCM at concentrations of 3%, 6%, and 9%, and the melting
time was shortened by 13.1%, 15.6%, and 18.8%, respectively. Jirawattanapanit et al. [16]
proposed a shell-and-tube thermal energy storage device based on an outer waveform
wall and discussed two thermal enhancement methods: fins and nanocomposite phase
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change materials (NePCM). The study showed that compared with pure PCM and a wave
number of 4, the time required for the energy storage system to reach complete melting
was reduced by 14% and 31% when the copper nanoparticle concentration was 4 vol%, and
the wave number was 8, respectively. Abderrahmane et al. [17] proposed an improved
shell-and-tube thermal energy storage device and filled it with copper nanoparticles and
paraffin. The research results showed that adding copper nanoparticles could improve
thermal and melting performance. When using a nanoparticle concentration of 8%, the
melting time was reduced by 27%, and the entropy production of the system was also
reduced. Masoumi et al. [18] filled dodecanoic acid and titanium dioxide nanoparticles into
a horizontal shell and tube latent heat storage unit and installed longitudinal fins inside
the tube. The results showed that adding fins increased the melting rate by 68%. However,
although adding 0.39 wt.% of titanium dioxide nanoparticles to the PCM increased the
thermal conductivity by 7% and 15% in liquid and solid states, respectively, its effect on
improving the melting rate of the PCM was less than 4%, which was due to the increase in
viscosity that weakened the natural convection flow. From the above literature, it can be
seen that although compounding PCM with metal nanoparticles can improve the thermal
conductivity of PCM, there are still some other issues, such as settling problems that occur
easily after multiple thermal cycles due to the high density of metal nanoparticles. In
comparison with metal nanoparticles, expanded graphite (EG) has a lower density, which
can alleviate the settling and agglomeration of nanoparticles in PCM [19].

Previous research has mainly focused on enhancing the heat transfer of phase change
thermal energy storage units by adding fins or metal particles, while the effect of adding
EG on the melting characteristics of phase change thermal energy storage units remains
unclear. In order to fill this research gap, this study combines experiments with numerical
simulations to investigate the melting process of a spherical phase change thermal storage
unit filled with EG–MA composites (where the experiments were conducted to validate
the accuracy of the numerical model). The effects of EG mass fraction and Ste number on
the melting process of PCM in the device were analyzed, and formulas relating the liquid
mass fraction to Ste, Fo, Gr numbers, and EG mass fraction were derived. These formulas
can help better understand the role of EG in phase change thermal energy storage units
and optimize their design and performance. The contribution of this study is filling the
previous research gap and providing important information on the impact of adding EG
on the performance of phase change thermal energy storage units.

2. Experimental Methods and Procedures
2.1. Preparation and Packaging of CPCMs

The PCM used in this study is pure myristic acid (MA) produced by the China
National Pharmaceutical Group Reagent Co., Ltd. (Shanghai, China), with a molecular
formula of C14H28O2. The expanded graphite (EG) used in this study was prepared in our
laboratory using a microwave expansion method, with an expansion ratio of approximately
200 mL/g [20]. The shell material for the phase change thermal storage unit was selected
as 304 stainless steel. The physical properties of the PCM, EG, and shell are shown in
Table 1 [21,22].

Table 1. Physical properties of the myristic acid (MA) expanded graphite (EG) and 304-stainless steel.

Thermophysical Property MA EG 304-Stainless Steel

Density (kg/m3) 862/990 269 7930
Specific heat capacity (J/kg·K) 1700/2264 874.5 460

Thermal conductivity (W/m·K) 0.22 17.5 16.2
Melting temperature (K) 327.15 - -

Latent heat (kJ/kg) 182.6 - -
Dynamic viscosity (kg/m·s) 0.00506 - -

Coefficient of thermal expansion
(1/K) 0.00062 - -



Energies 2023, 16, 4527 4 of 24

Figure 1 depicts the physical structure of the experimental unit. The spherical unit was
constructed using stainless steel, featuring an outer diameter of 50 mm and a wall thickness
of 1 mm. In contrast to other studies [23] that commonly utilized transparent materials
like glass for producing spherical containers that allow direct observation of the melting
process, the containers employed in this study were opaque. This choice was made due
to the dark nature of the CPCM sample, rendering the transparency of the shell material
irrelevant. By employing a stainless steel spherical container, the thermal resistance of
the spherical shell was minimized, thereby achieving conditions as close as possible to
isothermal boundary conditions. Although an invasive temperature measurement method
was employed in this study, the influence of the thermocouple, with its thickness of only
1 mm, is negligible compared to the size of the sphere itself. The temperature data recording
system recorded the temperature data at a frequency of 1 min.

In order to minimize the presence of voids within the solid sample, the pre-prepared
PCM was carefully added to the spherical container in successive increments. Each addition
ensured that the PCM was fully encapsulated until the container reached its maximum
capacity.
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Figure 1. Experimental phase change unit. (a) Test unit filling and (b) test unit package.

2.2. Experimental Process

The experimental setup and procedure are depicted in Figure 2. The system consisted
of a heat storage unit and a temperature data recording system. Three thermocouples,
namely T1, T2, and T3, were longitudinally distributed within the heat storage unit to
measure the temperatures. Prior to each melting experiment, the spherical unit filled with
CPCM was placed in the initial temperature water region (water area 1) for a minimum of
12 h to ensure uniformity in the initial temperature of the sample within the sphere. Sub-
sequently, the spherical heat storage unit was swiftly transferred to the high-temperature
water region (water area 2) to initiate the melting experiment.

2.3. Uncertainty Analysis

The experiment was subject to a degree of uncertainty relating to the accuracy of
the measuring device. Therefore, the residual sum of squares (RSS) method was used
to evaluate the uncertainty of temperature measurement. The uncertainty of the K-type
thermocouple used to measure temperature changes was ±1.5 ◦C. The uncertainty of
the temperature data acquisition instrument was ±1.0 ◦C, whereas that of the constant-
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temperature water bath temperature control was ±1.0 ◦C. The uncertainty of the overall
temperature measurement of the system was determined as follows:

Uc =
√

C2
1U2

1 + C2
2U2

2 + C2
3U2

3

U1 = 1.0
n , U2 = 1.0

n , U3 = 1.5
n

(1)

where U1, U2, and U3 are the uncertainties caused by the data acquisition instrument, con-
stant temperature water bath, and thermocouple, respectively; n is the uniform distribution
constant, generally taking the value √3 ; and C1, C2, and C3 are sensitivity coefficients
and take the value 1 [24,25]. The calculated uncertainty of temperature measurements is
±1.2 ◦C.
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Figure 2. System diagram of the experimental device: 1 (25 ◦C) and 2 (80 ◦C) are constant-temperature
water baths, 3 is a thermal insulation structure, 4 is a phase change heat storage unit, 5 is a k-type
thermocouple, and 6 and 7 are data acquisition devices and computer.

3. Problem Statement

In this study, a three-dimensional model was employed to simulate the phase change
unit filled with spherical PCM. The phase change unit had an inner diameter of 50 mm
and a wall thickness of 1 mm and accounted for the effects of gravity. The outer surface
of the spherical shell was maintained at a constant temperature. Due to the influence of
buoyancy-driven natural convection during the melting process, the shape of the melted
solid CPCM is non-circular, except in cases where materials have a high mass fraction
of EG.

3.1. Governing Relations

To simplify the numerical calculations, the following assumptions were made:

(1) The PCM within the heat storage unit is assumed to be isotropic and uniform.
(2) The melted PCM is treated as an incompressible laminar fluid.
(3) The volume change of the PCM during phase change is negligible.
(4) Physical properties, except for density, are assumed to remain constant with tempera-

ture. The study focuses on the constrained melting of PCM in the heat storage unit
and employs the Boussinesq hypothesis to define density. Density changes are only
considered when buoyancy is taken into account.
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(5) Density changes in the liquid state, which drive natural convection, are considered
only in the momentum term.

Based on the aforementioned assumptions, the continuity, momentum, and energy
equations were formulated. In order to account for the phase change region within the PCM,
the enthalpy-porosity method was employed [26]. The porosity of each cell was defined
as the liquid fraction of the cell. In regions where complete solidification occurred, the
porosity was set to zero, resulting in zero velocity. The governing equations are presented
as follows:

Continuity:

∇ ·
→
V = 0 (2)

Momentum:

∂

(
ρ
→
V
)

∂t
+
→
V · ∇(ρ

→
V) = −∇P + µ∇2

→
V + ρβ

→
g (T − T0) + As

→
V (3)

Energy:
∂
∂t (ρH) +∇ ·

(
ρ
→
VH

)
= ∇ · (kl∇T) (4)

Here ∇ is the Hamiltonian, defined as

∇ =
∂

∂x

→
i +

∂

∂y

→
j +

∂

∂z

→
k (5)

where
→
V, ρ, t, µ, β, T0, g, and kl represent the velocity vector, density, time, dynamic

viscosity, thermal expansion coefficient, reference temperature, gravitational coefficient,

and thermal conductivity, respectively; P, Htot, and As
→
V represent pressure, total enthalpy,

and the momentum source term. Total enthalpy consists of sensible enthalpy and latent
enthalpy:

Htot = H + ∆H (6)

Sensible enthalpy can be expressed as

H = h0 +
∫ T

T0
cpdT (7)

Latent heat enthalpy can be expressed as

∆H = λL (8)

where L is latent heat, and the liquid mass fraction λ at different stages is expressed as

λ =


0 , T < Tsolid

T−Tsolid
Tliquid−Tsolid

, Tsolid < T < Tliquid

1 , Tliquid < T
(9)

As in the momentum source term is expressed as:

As =
(1− λ)2

λ3 + 0.001
Amush (10)

The phase transition interface typically constitutes a mushy region consisting of a
solid–liquid mixture. In this study, the mushy zone constant (commonly ranging from 105

to 107) was denoted as Amush, and a value of Amush = 105 was adopted.
The thermophysical properties of the CPCMs were determined using a two-phase

mixing model [27], and the following equations were proposed for calculations.
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The volume fraction of the CPCM can be expressed as follows:

φ =
1

1 +
(

1
ωEG
− 1
)

ρEG
ρpcm

(11)

The density of the CPCM can be expressed as follows:

ρcpcm = (1− φ)ρp + φρEG (12)

The specific heat of the CPCM can be expressed as follows:

cp,cpcm = (1− φ)cp,p + φcp,EG (13)

The latent heat of the CPCM can be expressed as follows:

Lcpcm = (1 −ωEG
)
∆Lp (14)

The thermal conductivity of the CPCM can be expressed as follows:

kcpcm = kc

[
kd + 2kc + 2φ(kd − kc)

kd + 2kc − φ(kd − kc)

]
(15)

where c is the continuous phase, and d is the dispersed phase. The viscosity of the CPCM
can be expressed as follows [28]:

µcpcm =
µp

(1−φ)2.5 (16)

The physical properties of the CPCM calculated by the formula are shown in Table 2.

Table 2. Physical properties of the composite phase change material (CPCM).

Thermophysical Property ω = 1 wt.% ω = 2 wt.% ω = 3 wt.% ω = 4 wt.% ω = 5 wt.% ω = 6 wt.%

Density (kg/m3) 843.4 825.6 808.5 792.1 776.4 761.3
Specific heat capacity (J/kg·K) 2220.4 2178.7 2138.7 2100.3 2063.5 2028.1

Thermal conductivity (W/m·K) 0.24 0.26 0.28 1.64 1.98 2.31
Latent heat (kJ/kg) 180.8 178.9 177.1 175.3 173.5 171.6

Dynamic viscosity (kg/m·s) 0.0055 0.0059 0.0064 0.0069 0.0075 0.0081

3.2. Boundary Conditions and Computational Methodology

At t = 0, the temperature set for the PCM region inside the spherical phase change heat
storage unit was 25 ◦C, lower than the PCM’s phase change temperature, indicating that the
PCM was in a solid state at t = 0. In the case of the spherical phase change heat storage unit
used in this study, the outer wall of the shell was in contact with a constant-temperature
water bath, representing the first type of boundary condition where the temperature of
the outer wall of the shell remains constant. The inner wall surface of the shell, in contact
with the PCM, serves as the coupling boundary with no slip velocity. This model considers
thermal conduction within the spherical shell. Hence, the initial and boundary conditions
can be expressed as follows:

t = 0, T = T0
R = Rs-out, T = Th

R = Rs-in,−ks∇Ts−in = −kp∇Tp−in

where Rs-in and Rs-out represent the inner and outer surfaces of the spherical shell, respec-
tively, and subscripts s and p denote the spherical shell and PCM, respectively.
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In this study, the temperature Th of the outer wall of the capsule was set to 60, 70,
or 80 ◦C, while the initial temperature T0 was set to 25 ◦C. The selection of initial and
boundary conditions was based on the supply and return water temperature. The melting
process was numerically simulated using ANSYS Fluent 19.2 software. The finite volume
method (FVM) and QUICK scheme were utilized to discretize the governing equations.
A pressure-based solver was employed to solve the control equations. The second-order
upwind algorithm was applied as a spatial discretization method for solving the energy
and momentum equations. The pressure correction equation followed the PRESTO format.
Under-relaxation factors for pressure, momentum, energy, and liquid fraction were set as
0.3, 0.7, 1, and 0.9, respectively. Convergence of the solution was assessed at each time step,
with convergence criteria set at 10−4, 10−5, and 10−7 for the continuity, momentum, and
energy equations, respectively.

3.3. Characteristic Parameters and Evaluation Index

The Ste number represents the driving force for heat transfer in the melting process.

Ste =
Cp(Th − Tm)

L
(17)

The Fo number represents dimensionless time.

Fo =
kt

ρCpR2 (18)

The Gr number represents the strength of the natural convection effect in the melting
process.

Gr =
gβR3(Th − Tm)ρ2

µ2 (19)

The Nu number represents the intensity of transient convective heat transfer.

Nu =
hl R

k
(20)

The liquid mass fraction of the PCM is calculated as follows:

λ =
m
M

(21)

3.4. Grid and Step-Length Independence Verification

During the preliminary simulations, careful investigations were conducted to assess
the influence of the time step and grid size on the simulation results. Figure 3a illustrates
the verification of time step independence, with time steps of 0.1, 0.5 (selected), and 1 s
being considered. It can be observed that the liquid mass fraction remains nearly unaffected
by the time step, from t = 0 until the complete melting of the PCM. Workbench meshing
19.2 software was utilized to construct the mesh and refine the portion of the PCM area in
contact with the spherical shell. The control equations were solved using ANSYS Fluent
19.2 software. Figure 3b demonstrates the results obtained using three different mesh sizes:
292,196 cells, 502,925 cells (selected), and 816,943 cells, representing the verification of mesh
size independence. The full melting time obtained with the 292,196-cell mesh was 1859 s,
which significantly differed from the simulation results obtained with the other two mesh
sizes (2019 and 2034 s for the 502,925 and 816,943 cell meshes, respectively), exhibiting a
difference of approximately 9%. Conversely, the difference between the 502,925 and 816,943
cell meshes was minimal, at around 1.2%.
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3.5. Model Validation

In Figure 4, the temperature distribution within the thermal storage unit is compared.
As the PCM undergoes melting, the hot fluid rises due to density changes, resulting in
natural convection inside the sphere. This accelerated melting primarily affects the upper
half of the region, leading to a slower melting rate in the middle and lower sections.
Consequently, the temperature at position T1 experiences the most rapid increase, while the
temperature rise that occurs at position T3 takes the longest time. Although the simulated
temperature was slightly lower than the experimentally measured temperature, the overall
trend of the comparison curves remains relatively consistent. This discrepancy can be
attributed to the nonlinear relationship between the PCM’s enthalpy and temperature to
some extent.
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The correlation coefficient (c) and root mean square deviation (e) were calculated
as per Equations (22) and (23) to evaluate the deviation between numerical results and
experimental data:

c =
n ∑ xiyi − (∑ xi)(∑ yi)√

n ∑ x2
i − (∑ xi)

2
√

n ∑ y2
i − (∑ yi)

2
(22)

e =

√√√√∑
(

xi−yi
xi

)2

n
(23)

where n is the total number of analyzed data points and xi and yi are the numerical values
of the simulation and experiment at each moment, respectively. The numerical calculation
results were in good agreement with the experimental test values. The correlation coeffi-
cients for T1, T2, and T3 are 0.990, 0.991, and 0.969, respectively, with root mean square
deviations of 1.3%, 1.6%, and 1.5%, respectively (Figure 4). The mass balance check error is
0.6%, and the heat storage balance check error is 1.1%.

4. Results and Discussion
4.1. Effect of EG Content on Melting Properties

Figure 5 depicts the liquid mass fraction curve over time for various EG–MA CPCMs.
The complete melting time of the material in the unit decreased with an increase in EG
content, primarily due to the high thermal conductivity of the EG material. From Figure 5,
it can be observed that when the EG content was ≥4 wt.%, the liquid mass fraction of the
composite material experienced a sudden increase. This can be attributed to the conversion
of EG between dispersed and continuous phases. In the mass ratio of the prepared CPCM,
when the EG content was ≤3 wt.%, MA served as the continuous phase. The thermal
conductivity of the composite phase change material increased compared to pure MA, but
the increase was relatively small. As shown in Figure 5, EG contents of 1 wt.%, 2 wt.%, and
3 wt.% reduced the complete melting time in the unit by 3.9%, 8.4%, and 13.0%, respectively,
compared to pure MA.

However, when the EG content was ≥4 wt.%, the continuous and dispersed phases
of the corresponding CPCM changed, with EG becoming the continuous phase. With EG
contents of 4 wt.%, 5 wt.%, and 6 wt.%, the complete melting time in the unit reduced by
82.2%, 85.6%, and 88.0%, respectively, compared to pure MA. The thermal conductivity of
the composite material increased significantly after the transition of the continuous and
dispersed phases. When comparing the melting time of units with an EG content of 4 wt.%
to those with EG contents of 5 wt.% and 6 wt.%, it was found that the melting time of
the latter two increased by 3.4% and 5.8%, respectively. The differences in melting time
between EG contents of 4 wt.%, 5 wt.%, and 6 wt.% were not significant. However, it is
important to consider that the increase in EG content led to a decrease in the latent heat
of the material. These advantages and disadvantages should be carefully evaluated for
practical applications. Based on these results, a composite material with an EG content of 4
wt.% demonstrates higher utility in the spherical unit compared to composite materials
with other ratios.

Analyze the Nu number to observe the variation of convective heat transfer intensity
in the system. A higher Nu value indicates more active convective heat transfer. Figure 6
shows the variation of Nu in the thermal storage units filled with seven different pro-
portions of composite materials. From the graph, it can be observed that all the curves
initially overlap and rapidly decrease. This phenomenon occurs due to the higher thermal
conductivity of the shell. Around 200 s, Nu starts to decrease slowly, and when the PCM is
completely melted in the entire unit, Nu approaches zero. From the subgraphs in Figure 6,
a turning point can be observed for Nu at EG mass fractions of 0 wt.%, 1 wt.%, 2 wt.%,
and 3 wt.%. Nu initially increases and then decreases at this point. Analyzing the melting
process reveals that this is due to the higher water bath temperature (353.15 K) and lower
thermal resistance of the shell. Solid PCM near the wall undergoes rapid melting, and
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the resulting liquid phase is heated by the inner wall of the shell, leading to a decrease
in density and the generation of buoyancy inside the PCM liquid. This buoyancy drives
the upward motion of the heated fluid, resulting in the occurrence of the turning point.
This phenomenon also causes fluctuations in the melting region. Similar observations were
made by Zhou et al. in reference [29]. Additionally, in the graph, it can be observed that for
the material with an EG mass fraction of 3 wt.%, Nu initially decreases, indicating that an
increase in the content of EG promotes further melting of the solid PCM.
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When the EG content is ≥4 wt.%, a corresponding heat transfer network is formed
inside of the CPCM. During this period, heat transfer inside the unit is primarily heat
conduction. The natural convection phase effect is relatively weak; thus, at EG contents of
≥4 wt.%, the Nu number curve does not fluctuate and drops rapidly to 0. A unit with a
higher EG can, therefore, reach thermal equilibrium more rapidly.

When the EG content is ≥4 wt.%, a heat transfer network is formed within the CPCM.
During this period, heat transfer inside the unit is mainly through conduction. The influence
of natural convection is relatively weak. As a result, for EG contents of ≥4 wt.%, the Nu
number curve remains stable without fluctuations and drops rapidly to 0. Therefore, a unit
with a higher EG content can reach thermal equilibrium more quickly.

Figure 7 illustrates the temperature contours (◦C) and streamline diagram (m/s) of the
z-x section of the model with a constant wall temperature of 80 ◦C. In the early stages of the
melting process, due to the low thermal resistance of the shell, heat is rapidly transferred to
the PCM area, resulting in concentric ring temperature contours. Heat conduction is the
primary heat transfer mechanism during this period, as also confirmed by Zhu et al. [30].
From Figure 6, it can be observed that natural convection is present during the initial stage
of melting, but its impact is relatively minor compared to heat conduction. At a melting
time of 500 s, as shown in Figure 7a,b, the temperature contours start deviating from
concentric rings, indicating a significant influence of natural convection on the melting
process. As melting progresses, the solid PCM melts and forms a layer of liquid phase PCM,
which increases the thermal conduction resistance, thereby hindering heat conduction. The
streamline diagram in Figure 7a,b reveals a higher velocity flow field in the PCM area
near the wall from the beginning, with the flow field area gradually expanding as melting
progresses. This demonstrates an increase in natural convection as the melting progresses.
Notably, several natural convection vortices can be observed at the bottom of the streamline
diagram around 1000–1500 s, facilitating the melting of the solid PCM at the bottom and
forming a groove shape. During the later stages of melting (1500 s to 2000 s), streamlines
are visible in Figure 7a,b. Although flow lines exist throughout the interior of the unit, their
rate is lower compared to the early and mid-term melting stages. This indicates a decrease
in the strength of natural convection as the melting process nears completion. When the
unit reaches thermal equilibrium, the convective heat transfer speed approaches zero.

The temperature distribution and streamlined diagram of the thermal storage unit
with an EG mass fraction ≥ 4 wt.% are presented in Figure 7c. Unlike Figure 7a,b, the
distribution throughout the melting process in this unit appears as a concentric circular ring
without the occurrence of an eccentric circular ring. Analysis reveals that this phenomenon
is attributed to the relatively high mass fraction of EG added, which forms an internal EG
heat transfer network that suppresses the influence of convective heat transfer.

Additionally, it is noticeable from Figure 7 that the melting trend remains similar
for EG contents ranging from 0 to 3 wt.%, exhibiting a slower melting rate compared to
EG contents of 4 to 6 wt.%. In comparison to Figure 7a,b, the melting speed depicted
in Figure 7c is considerably faster. Thus, it can be concluded that the melting process is
significantly influenced by the EG mass fraction when the wall boundary conditions are
the same, but the EG content in the CPCM differs.
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Figure 7. Temperature contours (left) and streamline diagram (right) of different expanded graphite
(EG) mass score units. The left half of each image is displayed as temperature contours (◦C), and the
right half is displayed as streamlined contours (m/s), displaying the heat transfer and convection
characteristics inside the unit: (a) EG mass score of 0–1 wt.%, (b) EG mass score of 2–3 wt.%, and
(c) EG mass score of 4–6 wt.%.
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4.2. Influence of Ste Number on Melting

Figure 8 illustrates the transient variation of a liquid mass fraction over time for
different Ste numbers at the same EG mass fraction. The specific Ste number values for
each working condition in this study are provided in Table 3. Initially, the liquid mass
fraction for all working conditions is zero. As melting proceeds, the solid phase gradually
transforms into the liquid phase, leading to a continuous increase in the liquid mass fraction
until it approaches one. For PCM units with the same EG mass fraction, the melting time
significantly increases as the Ste number decreases. In the case of pure MA, as the Ste
number decreases from 3.43 × 10−1 to 9.50 × 10−2, the complete melting time of the
material in the unit increases by 58.9%. Similarly, it is evident that the increase in complete
melting time for units with a higher EG mass fraction is smaller under the same temperature
drop. When the Ste number reaches its minimum value (Th = 60 ◦C), the melting fraction
of pure MA is 59.0% at 3000 s. However, when the EG content is 4 wt.%, the material
achieves complete melting in only 940 s, reducing the melting time by 81.2%. In cases
of low Ste numbers, pure MA cannot completely melt, whereas a CPCM with a higher
EG mass fraction at the same wall temperature can undergo complete melting within a
relatively short period. Hence, utilizing PCMs with higher EG mass fractions can mitigate
the adverse effects of decreasing wall temperature on the melting process to some extent.

Table 3. Gr and Ste numbers that correspond to each working condition.

ω (wt.%) Th (◦C) Ste Gr

0.0
80
70
60

3.43 × 10−1

2.19 × 10−1

9.53 × 10−2

1.62 × 105

1.03 × 105

4.51 × 104

1.0
80
70
60

3.40 × 10−1

2.17 × 10−1

9.44 × 10−2

1.33 × 105

8.47 × 104

3.68 × 104

3.0
80
70
60

3.34 × 10−1

2.13 × 10−1

9.29 × 10−2

8.91 × 104

5.69 × 104

2.47 × 104

4.0
80
70
60

3.31 × 10−1

2.11 × 10−1

9.21 × 10−2

7.33 × 104

4.68 × 104

2.04 × 104

6.0
80
70
60

3.27 × 10−1

2.09 × 10−1

9.08 × 10−2

4.99 × 104

3.19 × 104

1.39 × 104

The steepness of the curve in the figure represents the rate of PCM melting. It is
evident that the initial stage of the curve has a steeper slope, indicating faster melting of the
material in the unit. This can be attributed to the significant temperature difference between
the inner wall of the shell and the solid PCM, leading to dominant heat conduction as the
main mode of heat transfer. However, as the melting process progresses, the thickness of
the liquid PCM layer increases, along with the corresponding increase in thermal resistance,
resulting in a gradual reduction in the melting rate. Furthermore, when comparing the
melting behavior under different EG mass fractions, it was observed that the influence of
the Ste number on the melting fraction of the PCM is more pronounced when the EG mass
fraction is relatively low.
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The heat flow density curves for 3 wt.% and 6 wt.% EG contents are shown in Figure 9,
plotted against time. It can be observed that as the Ste number increases during melting, the
heat flux density also increases. This indicates that more heat is transferred to the unit per
unit time, resulting in a shorter melting time for the unit. During the initial stage of melting,
the heat flux curve initially increases and then decreases after reaching its maximum value,
with some fluctuations. The initial increase is due to the fact that at the beginning of melting,
when heat has not yet been introduced into the shell, the heat flux density is nearly zero.
As heat conduction begins through the spherical shell, heat is rapidly transferred to the
inside of the unit, leading to a sharp increase in the heat flux density to its maximum value.
Once the first layer of molten PCM is formed, the heat flux density drops significantly due
to the high thermal resistance of the liquid layer. The density difference within the formed
liquid phase PCM, caused by the variation in temperature, leads to buoyancy effects inside
the unit. This results in a fluctuation area in the heat transfer as the liquid phase PCM
descends.

Based on Figure 9a,b, it can be noted that the early-stage fluctuation range is greater
for a 3 wt.% EG content compared to a 6 wt.% EG content. This can be attributed to the
fact that the addition of EG helps suppress the impact of natural convection caused by
buoyancy. As a result, the image appears smoother for a 6 wt.% EG content. The inclusion
of EG contributes to reducing heat transfer fluctuations during the melting process of the
PCM.
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4.3. Dimensionless Analysis

Figures 6–9 show the effects of different parameters on the melting process. Previous
results showed that the melting process has similar characteristics under different parame-
ters. Therefore, it was necessary to conduct a dimensionless analysis of results so that our
conclusions are able to be extended to other conditions and applied to practical problems.
The specific values of Ste and Gr numbers for each working condition in this study are
given in Table 3.

Figure 10 shows the relationship between liquid mass fraction and Fo, Ste, and Gr
numbers under three different EG mass fraction conditions. The dimensionless relationship
is obtained by fitting as follows:

f = A + B exp

(
− FoSte0.33Grx

C

)
(24)
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where A, B, and C are undetermined constants.

Energies 2023, 16, x FOR PEER REVIEW 19 of 24 
 

 

𝑓 = 𝐴 + 𝐵exp (− 𝐹𝑜𝑆𝑡𝑒.ଷଷ𝐺𝑟௫𝐶 ) (24) 

where A, B, and C are undetermined constants. 

 
(a)  

(b) 
 

 
(c) 

Figure 10. Fitting curves of expanded graphite (EG) content: (a) 0.0 wt.%, (b) 3.0 wt.%, and (c) 6.0 
wt.% melting rate based on the combination of dimensionless numbers. 

From Figure 10, it can be observed that data under corresponding working condi-
tions can perfectly converge to a curve, with a deviation within 6%. A comparison of Fig-
ure 10a–c shows that, as the mass fraction of EG increases, the power exponent of the Gr 
number decreases accordingly. This implies that the addition of EG weakens the influence 
of natural convection, as also observed by Fan et al. This phenomenon is also consistent 
with the conclusion obtained from Figure 9. 

Figure 11 shows the relationship between the liquid phase ratio and Fo, Ste, and Gr 
numbers, and EG mass fraction ω for four groups of MA/EG with different ratios. The 
dimensionless relationship is obtained by fitting as follows: 

Figure 10. Fitting curves of expanded graphite (EG) content: (a) 0.0 wt.%, (b) 3.0 wt.%, and (c)
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From Figure 10, it can be observed that data under corresponding working conditions
can perfectly converge to a curve, with a deviation within 6%. A comparison of Figure 10a–c
shows that, as the mass fraction of EG increases, the power exponent of the Gr number
decreases accordingly. This implies that the addition of EG weakens the influence of natural
convection, as also observed by Fan et al. This phenomenon is also consistent with the
conclusion obtained from Figure 9.

Figure 11 shows the relationship between the liquid phase ratio and Fo, Ste, and Gr
numbers, and EG mass fraction ω for four groups of MA/EG with different ratios. The
dimensionless relationship is obtained by fitting as follows:

f = A + B exp

(
− FoSte0.33Grxωy

C

)
(25)
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where A, B, and C are undetermined constants. The value ranges of the dimensionless
numbers are as follows: Figure 11a: 9.29 × 10−2 < Ste < 3.40 × 10−1, 2.47 × 104 < Gr < 1.33
× 105, 48.2 < Pr < 50.35; Figure 11b: 9.08 × 10−2 < Ste < 3.31 × 10−1, 1.39 × 104 < Gr < 7.33
× 104, 7.09 < Pr < 8.86.
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Figure 11. Relationship between the liquid phase ratio and Fo, Ste, and Gr numbers, and expanded
graphite (EG) mass fraction ω for four groups of myristic acid (MA)/EG with different ratios of EG
content. (a) 1.0 wt.% and 3.0 wt.% and (b) 4.0 wt.% and 6.0 wt.%.
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All working conditions in Figure 11 converge well with the fitting curve. Figure 11a
is a dimensionless fitting diagram for an EG mass fraction of ≤3 wt.%. By comparing the
specific gravity of each dimensionless number in the melting process, it was found that
the proportion of Gr was larger. Therefore, for EG–MA CPCMs with ω ≤ 3 wt.%, the Gr
number has a greater influence on the liquid mass fraction during the melting process. In
comparison, the specific gravity of ω in Figure 11b is relatively large; thus, for EG–MA
CPCMs with ω ≥ 4 wt.%, ω makes a greater contribution to the melting process.

The non-dimensional analysis results in this study were obtained when cells were filled
with composite materials. In actual engineering, the internal filling rate cannot reach 100%,
and air gaps will be present. We plan to address this problem in the future. Nevertheless,
the conclusions of this research provide a guide for the thermal design process of latent
heat-packed bed heat exchangers for practical engineering problems.

5. Conclusions

This paper presents an experimental and numerical simulation study of a spherical
thermal storage unit filled with CPCM. By changing the mass fraction of EG and the Ste
number, the melting characteristics of the unit were determined. The melting time, Nu
number, temperature contours, and streamline diagram were analyzed, and the generalized
correlation of liquid mass fraction was fitted, leading to the following conclusions:

1. The addition of EG material promotes the melting of the PCM in the unit. When EG
contents are 4 wt.%, 5 wt.%, and 6 wt.%, the time required to complete melting in the
unit is reduced by 82.2%, 85.6%, and 88.0%, respectively, compared with pure MA.
During the melting process of the phase change unit, the addition of EG suppresses
the natural convective effect inside the unit. In the middle and late stages of melting,
the natural convection effect dominates the heat transfer when the EG content is low,
and heat conduction dominates the heat transfer when the EG content is high.

2. An increase in the Ste number can effectively reduce the melting time of the unit. For
the pure MA unit, when the Ste number decreased from 3.43 × 10−1 to 9.50 × 10−2,
the complete melting time of the material in the unit increased by 58.9%. When Ste
numbers were 9.21 × 10−2 (4 wt.%) and 9.50 × 10−2 (0 wt.%), the melting time was
reduced by 81.2%. It was also found that when the mass fraction of EG is small, the
change in the Ste number has a greater impact on the liquid mass fraction of the PCM.

3. The dimensionless relationship between the liquid mass fraction and Fo, Ste, and
Gr numbers and EG mass fraction ω was obtained by fitting. By comparing the
power exponents of various dimensionless numbers, it was found that during the
melting of the EG–MA composite PCM with ω ≤ 3 wt.%, the proportion of Gr was
relatively large; when ω ≥ 4 wt.%, the impact of ω on the process was greater. The
simulation data for each working condition converged well to the fitting curve, and
the deviation was within 6%. The correlation equation can be used to guide the
engineering applications of latent heat-packed bed heat exchangers.
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Nomenclature

Roman symbols
c coefficient of association
cp constant-pressure specific heat, J kg−1 K−1

e root mean square deviation
Fo Fourier number
Gr Grashof number
g acceleration of gravity, m/s2

H sensible heat enthalpy, kJ/kg
hl convection heat transfer coefficient, W/m2 K
Htot total enthalpy, kJ/kg
kl thermal conductivity, W m−1 K−1

L latent heat, kJ/kg
m instantaneous melting mass, kg
M total mass, kg
Nu Nusselt number
Pr Prandtl number of the fluid
P pressure, Pa
R radius of sphericity
Ste Stefan number
t time, min
T temperature, K
T0 ambient temperature, K
Tm phase change temperature, K
v velocity, m/s
∆T heat transfer temperature difference, K
Greek symbols
β coefficient of thermal expansion, 1/K
φ volume fraction, %
ω mass fraction, %
ρ density, kg/m3

µ dynamic viscosity, kg/m s
λ liquid mass fraction, %
Abbreviations
EG expanded graphite
FEM finite element method
MA myristic acid
PCM phase change material
POM polarizing optical microscope
Subscripts
cpcm composite phase change material
h wall
o initial state
c continuous phase
d dispersed phase
EG expanded graphite
p PCM
s spherical shell
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