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Abstract: Spherically encapsulated phase change materials (PCMs) are extensively incorporated
into matrix material to form composite latent heat storage system for the purposes of saving energy,
reducing PCM cost and decreasing space occupation. Although the melting of PCM sphere has
been studied comprehensively by experimental and numerical methods, it is still challenging to
quantitatively depict the contribution of complex natural convection (NC) to the melting process in a
practically simple and acceptable way. To tackle this, a new effective thermal conductivity model is
proposed in this work by focusing on the total melting time (TMT) of PCM, instead of tracking the
complex evolution of solid–liquid interface. Firstly, the experiment and finite element simulation
of the constrained and unconstrained meltings of paraffin sphere are conducted to provide a deep
understanding of the NC-driven melting mechanism and exhibit the difference of melting process.
Then the dependence of NC on the particle size and heating temperature is numerically investigated
for the unconstrained melting which is closer to the real-life physics than the constrained melting.
Subsequently, the contribution of NC to the TMT is approximately represented by a simple effective
thermal conductivity correlation, through which the melting process of PCM is simplified to involve
heat conduction only. The effectiveness of the equivalent thermal conductivity model is demonstrated
by rigorous numerical analysis involving NC-driven melting. By addressing the TMT, the present
correlation thoroughly avoids tracking the complex evolution of melting front and would bring great
convenience to engineering applications.

Keywords: phase change material; melting; natural convection; spherical container; equivalent
thermal conductivity

1. Introduction

As one of promising thermal energy storage modes, latent heat storage system (LHSS)
mainly absorbing/releasing a large amount of thermal energy through phase change
process has received a growing interest in research community for various engineering
applications, due to its significantly high energy storage per unit mass or volume [1,2].
Moreover, during phase change process, phase change material (PCM) keeps almost
constant temperature, which is crucial to achieve controllable thermal performances [3].
Considering the relative high material cost and spatial occupation of directly using pure
PCM as separate heat storage element, PCM is preferable to be incorporated into matrix
material (e.g., cement, mortar, and concrete) to form composite LHSS in practice [4–8].
However, the direct incorporation of bulk PCM in matrix material may lead to poor shape-
stabilizing problem, which can bring molten PCM to leak and affect the composite’s thermal
performance. To overcome this obstacle, encapsulating PCM to form shape-stabilizing
micro or macro particles would be a good choice in engineering applications [9–11].
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On the other hand, it is not feasible to directly simulate the melting process of PCM,
especially large amounts of PCM particles embedded in composite, because the melting
process of PCM inevitably involves natural convection (NC) of liquid phase driven by
temperature gradient in timely-changed liquid region, which generally requires very
refined calculating mesh, tremendous simulating time, large memory capacity and complex
coupled theory of heat conduction, fluid flow and moving solid–liquid interface [12]. It has
been demonstrated that NC has positive effect on the total melting rate of PCM [13–15],
but its strength is affected by heating mode, PCM shape, size, and position [16–20]. Hence,
the contribution of NC generally cannot be ignored in the practical application of PCM and
its accelerating mechanism should be discussed comprehensively.

To simplify the simulating complexity of NC-driven melting process of PCM, various
strategies have been practiced by community researchers. One of these methods is intro-
ducing an equivalent pure conduction (EC) model, in which enlarged thermal conductivity
of PCM is exploited to represent the contribution of NC [14,21–24], so that simpler heat
conduction behavior is taken into consideration only in the equivalent model, as indicated
in Figure 1a. In this context, there are a limited number of published researches available
to quantitatively depict the contribution of NC in a spherical container. For example, an
improved equivalent thermal conductivity (ETC) expression accounting for the NC effect
for unconstrained and constrained meltings of n-octadecane enclosed in a single spherical
capsule has been derived to numerically investigate the thermal performance of a whole
tank consisting of 9 × 9 × 20 spherical capsules [23,24]. Similar melting fraction-based
scheme with modified ETC for PCM melting was proposed by Gao et al. [25]. Different to
the previous ETC approximations (see discussions in [22,25,26]) with constant characteristic
length, the improved expression in a form:

ke

kl
∝ (Tw − Tm)

m(ro − ri)
n (1)

is a function of the surface temperature difference ∆T = Tw − Tm and the varied character-
istic length lc = ro − ri. In Equation (1), ke is the sought ETC, kl is the thermal conductivity
of liquid phase, Tw is the surface temperature of spherical capsule, Tm is the melting tem-
perature of PCM, ri is the radius of solid PCM, which is related to the time-dependent
liquid fraction, and ro is the inner radius of spherical capsule. Besides, m and n are constant
coefficients.
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Figure 1. Schematic diagrams of: (a) equivalent thermal conductivity model, (b) constrained melting,
and (c) unconstrained melting.

It should be noted that the developed ETC correlation emphasizes on capturing the
melting process of PCM and are derived from the concentric sphere assumption (See
Figure 1a), which is given based on the constrained melting (See Figure 1b). This means
that the solid PCM will remain spherical and hold its position during the melting process.
However, this is different to the real melting physics [27–30], in which the solid–liquid
interface becomes non-spherical due to the nature convection of liquid PCM. Especially
for the unconstrained melting (See Figure 1c), the solid PCM may drop down to contact
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the bottom of sphere, so the melting process is greatly different to the constrained melting.
Moreover, it will cause errors to describe the shape of the non-spherical liquid region in the
melting process [25]. In addition, in approximating correlation (1), the ETC is a function
of time and space, thus it needs to be modified for each time step according to the molten
liquid fraction to be determined in advance. This means that an iterative scheme is required
and the iterative error may accumulate in depicting the melting process of PCM. Thus,
correlation (1) is not easy to be used in practice.

The purpose of this study is to provide a practically simple and acceptable way to
quantitatively depict the contribution of complex natural convection (NC) to the melting
process. To this end, the overall energy storage efficiency for the PCM melting is addressed
to reduce the difficulty in determining time-dependent characteristic length. Consequently,
a new simplified empirical correlation of ETC is proposed by considering the consistency of
total melting time (TMT) calculated by the NC and EC models. In practice, the TMT deter-
mines the amount of stored or released energy for PCM of given mass. Therefore, focusing
on TMT and abandoning to track the complex evolution of solid–liquid interface may bring
great convenience to engineers. To do this, the melting experiments of constrained and
unconstrained PCMs in a spherical enclosure are firstly conducted to exhibit the difference
of melting processes, and then the experiments are simulated to further explore the accel-
erating mechanism of NC by COMSOL Multiphysics. Next, the unconstrained melting
is particularly addressed because it is closer to the real-life environment, and the effects
of the PCM sphere size and the heating temperature applied on the spherical surface are
numerically investigated to reveal the relation of the TMT with respect to the two critical
controlling parameters, from which the accelerating effect of NC is approximately repre-
sented by enlarging thermal conductivity of PCM in an EC model. Finally, the effectiveness
of the proposed empirical correlation is demonstrated by comparing the TMT calculated
by the NC and EC models. This will bring great convenience in coping with a large-scale
composite LHSS filled with spherical PCM capsules.

2. Experiment Setup

The white solid paraffin wax with a melting temperature of 298.15 K and latent heat
of fusion of 212 J/g was purchased from Shanghai Joule wax company and was used as
the phase change material in the work. The thermos-physical properties of paraffin wax
are tabulated in Table 1 [14].

Table 1. Thermo-physical properties of paraffin wax [14].

Property Value

Melting temperature Tm (K) 298.15

Solid density ρs (kg/m3) 849.7

Liquid desity ρl (kg/m3) 814.8

Dynamic viscosity µl (Pa·s) 0.00579

Solid specific heat cps (J/(kg·K)) 2400

Liquid specific heat cpl (J/(kg·K)) 3220

Solid thermal conductivity ks (W/(m·K)) 0.2

Liquid thermal conductivity kl (W/(m·K)) 0.15

Latent heat of fusion L (J/g) 212

Thermal expansion coefficient β (K−1) 0.001

The thin-wall glass sphere with inner diameter of 62.04 mm is selected as an enclosure
of PCM. The wall thickness is about 2 mm. The glass spherical enclosure has a short
opening tube to facilitate the filling of the liquid PCM into the enclosure as well as the
removing of air bubbles by shaking the liquid PCM during the filling process. Then,
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the sample is sealed with a rubber gasket and mounted on a steel supporter. The filled
enclosure is placed into a refrigerator with environmental temperature 12 ◦C at least 24 h.
The environmental temperature in the refrigerator is set to be significantly lower than the
melting temperature Tm = 298.15 K of the paraffin wax to ensure the fast solidification of
the liquid paraffin. Besides, to monitor the temperature variation at the central point of the
sphere, a constrained sample is prepared as well, in which a thermocouple attached to a
slender wood rod is embedded at the specific position (see Figure 2).

Materials 2021, 14, x FOR PEER REVIEW 4 of 19 
 

 

The thin-wall glass sphere with inner diameter of 62.04 mm is selected as an enclo-
sure of PCM. The wall thickness is about 2 mm. The glass spherical enclosure has a short 
opening tube to facilitate the filling of the liquid PCM into the enclosure as well as the 
removing of air bubbles by shaking the liquid PCM during the filling process. Then, the 
sample is sealed with a rubber gasket and mounted on a steel supporter. The filled enclo-
sure is placed into a refrigerator with environmental temperature 12 °C at least 24 h. The 
environmental temperature in the refrigerator is set to be significantly lower than the 
melting temperature 𝑇௠ = 298.15 K of the paraffin wax to ensure the fast solidification 
of the liquid paraffin. Besides, to monitor the temperature variation at the central point of 
the sphere, a constrained sample is prepared as well, in which a thermocouple attached 
to a slender wood rod is embedded at the specific position (see Figure 2). 

 
Figure 2. (a) The spherical enclosure filled with paraffin wax and (b) the schematic diagram of the constrained computa-
tional domain embedding with a thermocouple located at the center of the sphere. 

As shown in Figure 3, the experimental system consists of a thermostatic water tank 
with a plastic top, a digital camera, and a temperature acquisition device (Applent AT4524 
32-Channel Thermocouple Temperature Meter from Applent Instruments, Changzhou, 
China) connected to a desktop and the PCM container to be tested. The temperature ac-
quisition device AT4524 has a resolution of 0.1 °C, and the k-type thermocouple connected 
to it has a measurement accuracy ±0.8 °C in the temperature range 0~1350 °C. First, chilly 
water was poured into the water tank and then was heated by an electric heating system. 
The setting water temperature was 318.15 K, while the actual water temperature in the 
tank usually had about 1 °C less than it. Next, the capsule sample to be tested was quickly 
taken out from the refrigerator and was then placed into the hot water to heat it. During 
the test, the short tube of the spherical container was mounted on the top through an 
opening hole. Also, the camera was used to record the transient position and shapes of 
the phase change interface at regular intervals during the melting process. 

Figure 2. (a) The spherical enclosure filled with paraffin wax and (b) the schematic diagram of the constrained computational
domain embedding with a thermocouple located at the center of the sphere.

As shown in Figure 3, the experimental system consists of a thermostatic water tank
with a plastic top, a digital camera, and a temperature acquisition device (Applent AT4524
32-Channel Thermocouple Temperature Meter from Applent Instruments, Changzhou,
China) connected to a desktop and the PCM container to be tested. The temperature acqui-
sition device AT4524 has a resolution of 0.1 ◦C, and the k-type thermocouple connected to
it has a measurement accuracy ±0.8 ◦C in the temperature range 0~1350 ◦C. First, chilly
water was poured into the water tank and then was heated by an electric heating system.
The setting water temperature was 318.15 K, while the actual water temperature in the tank
usually had about 1 ◦C less than it. Next, the capsule sample to be tested was quickly taken
out from the refrigerator and was then placed into the hot water to heat it. During the test,
the short tube of the spherical container was mounted on the top through an opening hole.
Also, the camera was used to record the transient position and shapes of the phase change
interface at regular intervals during the melting process.
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3. Computational Model

Due to the limitations of experiment, it is difficult to observe the more detailed infor-
mation on fluid flow and temperature profile. Therefore, establishing a proper numerical
model is necessary to extend the experimental research. Here, due to the uniform heating
condition applied on the outer wall of PCM sphere and the geometric symmetry feature of
the PCM sphere, a two-dimensional axisymmetric finite element model is developed using
COMSOL Multiphysics software (see Figure 2) to simulate the heat transfer and melting
of the PCM sphere. Three physics, including the heat conduction in the solid, the heat
conduction in the liquid, and the flow driven by natural convection in the liquid, should
be accounted for.

It is assumed that the flow of liquid paraffin is laminar, incompressible, and Newtonian.
Also, the liquid and solid phases are assumed to be isotropic and homogeneous, and their
properties keep constant in the melting process. Moreover, a mushy zone is assumed
to exist along the solid–liquid interface to ensure the solving stability. In this zone, the
phase change is assumed to occur in a small temperature range [Ts, Tl ], where Ts and Tl
are Tm − ∆Tm/2 and Tm + ∆Tm/2, respectively, and ∆Tm = Tl − Ts is a small temperature
interval, i.e., 1 K.

Based on these assumptions, the following partial differential equation system is
implemented to analyze the melting process of paraffin [14,15,31–33]:

Continuity Equation:
∂ρ

∂t
+ ρ∇ · u = 0 (2)

Momentum Equation:

ρ
∂u
∂t

+ ρ(∇u · u) = −∇p + µ∇2u + Fa + Fb (3)
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Energy Equation:

ρcp

(
∂T
∂t

+ u · ∇T
)
= k∇2T (4)

where ρ is the effective density, Lm is the latent heat of fusion, k is the effective thermal
conductivity, cp is the effective specific heat capacity, µ is the dynamic viscosity, f is the
liquid volume fraction, t is the time variable, u is the velocity vector, T is the temperature
field, and p is the pressure field. Besides, Fa is the volume force vector related to the effect
of natural convection, and Fb is the additional volume force vector which is introduced
to speed up the calculational efficiency by forcing a trivial solution of u = 0 in the solid
phase.

Practically, when the density fluctuation caused by temperature variation is small, the
flow of liquid phase can be assumed to be driven by a buoyancy force, which can be given
by the following Boussinesq approximation for the NC-driven flow:

Fa = ρgβ
(

T − Tre f

)
(5)

where Tre f is the reference temperature, which is usually assumed to be the melting
temperature Tm. β is the thermal expansion coefficient and g is the acceleration of gravity.

While, the additional term Fb is usually given by:

Fb = −A( f )u (6)

with Darcy assumption:

A(T) =
c(1− f )2

f 3 + b
(7)

where c = 105 is a big constant reflecting the morphology of the melting front and b = 0.001
is a small constant used to avoid division by zero.

Obviously, in the melting process, the liquid volume fraction f is related to the
temperature field T in the PCM and can be defined by:

f (T) =


0, T ≤ Ts
T−Ts
Tl−Ts

, Ts < T < Tl

1, T ≥ Tl

(8)

Based on the definition of the liquid volume fraction, the effective thermal conductivity
k, the effective density ρ and the effective specific heat capacity Cp can respectively be
given by the following mixture relations:

k = (1− f )ks + f kl (9)

ρ = (1− f )ρs + f ρl (10)

Cp =
1
ρ

[
(1− f )ρsCp, s + f ρlCp, l

]
+ LmD(T) (11)

where the subscript s represents the solid phase and the subscript l represents the liquid
phase. D(T) is the standard Gaussian function which is zero everywhere except the
temperature interval ∆T. More importantly, its integral is equal to 1.

Moreover, the solid phase can be regarded as a liquid with very high viscosity, so
the dynamic viscosity µ in Equation (3) can be describe by the parameter A(T) in the
simulation:

µ = µl(1 + A(T)) (12)

In addition, the temperature boundary condition is applied on the outer surface of the
container. The heat conduction only takes place along the thickness of the glass wall of the
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container. The thermal conductivity of glass is set as 0.81 W/m/K, which is chosen from
COMSOL Material Library.

In the finite element simulation coupling the fluid flow and the heat conduction in
solid, an extremely refined mesh with triangular axisymmetric element is used to obtain the
grid-independent convergence solution. Besides, the boundary layer technology is used
near the common interface between the PCM and the glass inner wall, and the number
of boundary layers are set as 7, as shown in Figure 4. The total number of elements are
14,036. In addition, the computing time step is set as 0.1 s in the simulation. The direct
solver PARDISO in COMSOL is used.
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4. Results and Discussion

In this section, the melting experiments are simulated to further explain the differ-
ence of melting process of constrained and unconstrained PCM and explore the melting
mechanism driven by the natural convection. In the simulation, the initial temperature
is T0 = 285.15 K, and the heating temperature applied on the surface of the spherical
container is Tw = 318.15 K. Then, a detailed computational analysis is performed for
the unconstrained melting, which is closer to the real-life physics, and a correlation of
equivalent thermal conductivity is proposed to simplify the analysis.

4.1. Validation of the Numerical Model
4.1.1. Constrained Melting

Figure 5 shows the transient shapes of the solid paraffin within a spherical container
with inner diameter of 64.04 mm during the constrained melting process. The heating
temperature is set as Tw = 318.15 K. It is seen that the solid paraffin holds its position under
the constraint of the thermocouple and the slender wood rod, but its volume gradually
shrinks with the evolution of melting. Initially, the solid PCM is wrapped in a very thin
liquid film, indicating that the melting of paraffin is dominated by heat conduction between
the inner surface of the container and the solid paraffin at this stage. As the melting of
the solid PCM continues, the paraffin in the upper part melts faster than that in the lower
part, and as a result, the solid–liquid interface becomes non-spherical and the solid PCM



Materials 2021, 14, 4752 8 of 17

becomes smaller and smaller. Simultaneously, the portion of liquid PCM occupying the
top region is always higher than that at the bottom region. This may be attributed to the
lateral whirl flow caused by NC of liquid paraffin. At the final stage, the remaining solid
PCM drops from the constrained position and contacts the bottom of the container until
it fully melts. Besides, during the melting process, the bottom surface of the solid PCM
is observed to become bumpy (see Figure 6). This may because of the scouring action of
bottom whirlpool flow caused by the rising up of the warmer liquid from the bottom and
the sink of the cooler liquid. As a whole, the lateral NC leads to higher rate of melting than
the bottom NC. As a comparison, Figure 5 also displayed the simulated melting fronts in
the paraffin at different time instances. The blue and red colors represent the solid and
liquid phases, respectively, and the black arrow represents the velocity direction. It is found
from Figure 5 that the evolution of the simulated melting front is basically consistent with
the experimental results, although the melting time in the experiment is slightly longer than
that in the simulation. This can be attributed to the fact that the actual heating temperature
in the experiment is slightly lower than the desired one, and the thermal resistance between
the glass wall and the PCM, the glass wall and the surrounding water is ignored in the
computation.
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Figure 6. Bottom waviness profile of the sold PCM at 60 min for the constrained melting inside the
spherical container with R = 31.02 mm and Tw = 318.15 K.

Further, Figure 7 shows the variation of computational temperature at the center point
A of the spherical container for the constrained melting case (see Figure 2). From Figure 7,
it is observed that the melting process around the center point A is roughly divided into
three stages: solid heating (stage 1), phase transition (stage 2), and liquid heating (stage
3). At stage 1, the PCM around point A keeps the solid state, so heat is transferred to it in
the form of heat conduction. Gradually, as the temperature exceeds the melting point, the
solid PCM melts and becomes liquid phase. At this stage, the temperature almost keeps
constant. Finally, at stage 3, the heat conduction and flow in the liquid PCM dominates the
temperature at point A to rise fast and reach the heating temperature at the end. Besides, it
should be observed from Figure 7 that the time needed for the melting of PCM at point A
in the numerical simulation is slightly shorter than that in the experiment. The reason may
be the relatively lower actual heating temperature and the presence of interfacial thermal
resistance in the experiment. In spite of this, the experimental result shows a similar trend
to the simulated result.
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To further explain the NC effect on the melting of solid PCM in the spherical container,
the distributions of velocity and temperature at 70 min are plotted in Figure 8, from which
the thermally stable and unstable regions of the liquid PCM are clearly observed, and the
separating line between them is close to the top of the mushy zone. In the stable region,
the thermal energy transfer mainly happens by heat conduction. However, it is dominated
by NC in the three unstable regions. In the two big unstable regions, the hot liquid moves
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upwards along the inner wall of the glass sphere and the cold liquid moves downwards
along the melting front. Therefore, anticlockwise whirlpool flows respectively form in
the two regions, in which the melting of solid PCM accelerates. Moreover, the bottom
whirlpool flow makes the bottom of solid PCM become bumpy, while the lateral whirlpool
flow makes the solid–liquid interface of PCM become inclined. Additionally, there is a
small unstable region between the two big unstable regions, in which a clockwise whirlpool
flow takes place. As a result, the melting front becomes more and more irregular as the
melting goes on.
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spherical container with R = 31.02 mm and Tw = 318.15 K.

Besides, to compare the accelerating effect of NC on the melting of paraffin, the model
without NC, that is the pure heat conduction (PC) only, is simulated and the melting
front is displayed in Figure 9, which indicates that the melting front keeps concentric
spherical shape in the melting process under the heat conduction behavior transferring
from outwards to inwards, and its size gradually decreases as the melting goes on. This
is typically different to the NC model. Moreover, the total melting time (TMT) required
for completing the paraffin melting is 205 min, which is significantly longer than 113 min
when the NC is considered.
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4.1.2. Unconstrained Melting

For the case of unconstrained melting, no temperature data can be directly recorded in
the experiment, so only the shape and location of the melting front are observed. Contrary
to the constrained melting, the unconstrained melting in the spherical container exhibits
different experimental phenomenon [20], as displayed in Figure 10. At the beginning,
the paraffin melts to form a thin liquid layer along the interior surface of the spherical
shell. Then, the solid PCM sinks to contact the bottom of the container and the liquid PCM
rises up to form lateral whirlpool flow, due to the higher density of the solid paraffin than
the liquid paraffin. Besides, because of the contact of the solid PCM with the bottom of
container, the heat conduction is dominant near the bottom region of the container and has
a higher melting efficiency than the NC. As a result, the unconstrained melting shows a
faster melting speed than the constrained melting.
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Besides, Figure 10 shows the variation of the melting front at specific time instances
obtained from the computational model. It can be seen that the computational profiles of
the melting front are highly similar to the experimental profiles. The thermal transfer in
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the upper region of the PCM sphere is mainly NC, which causes the melting front inclined.
Moreover, due to the density difference between the liquid and solid PCM, the solid PCM
gradually moves downwards and contacts the bottom of the container as the melting goes
on. Therefore, the heat conduction takes place at the bottom of solid PCM. Moreover,
the downward movement of the sold PCM pushes the warm liquid layer between the
solid PCM and the inner wall of the sphere to rise along the lateral wall of the sphere.
This enhances the strength of lateral whirl flow and accelerates the melting of the upper
region of the PCM sphere. Additionally, the total melting time is about 100 min for the
experiment and 85 min for the computational model, respectively. The TMT difference of
the experiment and the numerical simulation may be attributed to the ignored thermal
resistance between the glass wall and the PCM in the simulation and the relatively lower
actual heating temperature in the experiment.

4.2. Size Effect of PCM Sphere on Natural Convection

Next, the size effect of PCM sphere on NC is investigated using the verified numerical
model for the unconstrained melting case, which is closer to the real-life applications. The
wall thickness of the spherical container is 1 mm, and the sphere size is adjusted by the
inner radius R changing from 30 to 2 mm. The solid wall material is steel with thermal
conductivity 44.5 W/m/K from COMSOL Material Library. Hereafter, the steel wall is
used because the macro-encapsulated PCM sphere by a steel shell is particularly used
for potential energy building applications. The steel shell can provide both sufficient
protection to the PCM core and excellent thermal and mechanical properties of the PCM
sphere [11,34]. A heating temperature Tw is uniformly applied on the outer surface of steel
sphere. ∆T = Tw − Tm is the temperature difference of the heating temperature Tw and the
melting temperature Tm of the PCM.

Figure 11 displays the variation of liquid fraction against the heating time for the case
of the temperature difference ∆T = 10 K. It can be seen from Figure 11 that the liquid
fraction increases as the melting goes on. Moreover, as the size of PCM sphere decreases,
the needed TMT decreases as well. As comparison, the variation of liquid fraction for the
PC model is plotted in Figure 11 as well. It is observed that the TMT of the PC model
obviously becomes longer than that of the NC model, and the difference of them becomes
more significant as the sphere becomes larger. However, it is interesting that the PC and
NC models give almost the same TMT when R ≤ 3 mm. This means that the melting of
the PCM in a small sphere is mainly dominated by heat conduction, instead of NC, whose
strength is suppressed in a small cavity.

To clearly illustrate the variation of TMT, various ∆T and R are considered and the
results are listed in Table 2, from which it is observed that the TMT for the NC model (tNC)
is always less than that for the PC model (tPC), owing to the accelerating effect of NC on
the melting of PCM. Moreover, both tNC and tPC change in terms of the spherical inner
radius R and the temperate difference ∆T. Generally, the smaller the sphere size, and/or
the higher the heating temperature, the shorter the TMT. Interestingly, it is found that
the TMT ratio tPC/tNC basically descends with the decrease of sphere size and reaches a
relative stable value independent of the heating temperature when R is 2 mm, as displayed
in Figure 12. This indicates that the NC effect is size-dependent. It becomes weaker for the
smaller size of sphere and can be ignored in practice when R = 2 mm or less.
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Table 2. Total melting times for the NC and PC models with different sphere sizes and heating
temperatures.

∆T(K) R (mm) tNC (s) tPC (s) tPC/tNC

5

30 4638 27,075 5.8376
20 2544 12,054 4.7382
15 1939 6778 3.4956
10 1087 2954 2.7176
5 330 748 2.2667
3 189.6 272.7 1.4383
2 88.3 116 1.3137

10

30 2020 14,585 7.2203
20 1247 6551 5.2534
15 911 3624 3.9780
10 532 1637 3.0771
5 210.7 401 1.9032
3 93.5 147 1.5722
2 48 65 1.3542

15

30 1422 10,517 7.3959
20 844.9 4635 5.4859
15 573 2580 4.5026
10 331 1118 3.3776
5 133 264 1.9850
3 63.6 95.8 1.5063
2 34.1 46.7 1.3695

20

30 1036 8324 8.0347
20 671.8 3675 5.4703
15 421 2067 4.9097
10 250 903 3.6120
5 100.1 215 2.1479
3 47.4 75 1.5823
2 25.3 34 1.3439
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4.3. Equivalent Thermal Conductivity Model

From the results above, it is confirmed that the size-dependent NC plays an import
role in the melting process of PCM. However, it is not feasible to take the complex NC
effect into account in the practical engineering applications, especially for composite LHSS
including amounts of encapsulated PCM particles, because the simulation procedure of
NC involves complex coupled theory and inevitably leads to tremendous computing cost
of time and memory capacity. To simplify this procedure, in this work, an equivalent pure
conduction (EC) model is established by counting the contribution of NC by an enlarged
thermal conductivity of PCM. In the EC model, only the energy equation involving only
heat conduction is considered for the phase change simulation, so a lot of computing cost
can be saved.

In order to distinguish the inherent thermal conductivity kPCM of PCM, the enlarged
thermal conductivity in the EC model is named as equivalent thermal conductivity (ETC)
ke. Because of the fact that the higher the thermal conductivity of PCM, the shorter the TMT,
it is reasonable to assume that the TMT of PCM and the ETC in the EC model basically
meets the following approximating inverse proportional relation

ke

kPCM
× tNC

tPC
= 1.038 (13)

from which ke/kPCM can be evaluated by the results of tPC/tNC listed in Table 2 for different
heating temperatures and sphere sizes. It is noting that the coefficient 1.061 is set to ensure
the TMT calculated by the target value of ke in the EC model is closest to that in the NC
model.

In the practical application, the ETC ke can be expressed as a function of R and ∆T.
Generally, the approximate expression of ke can be written as [33]:

ke

kPCM
= C · Ram = C · (Gr · Pr)m = D · ∆Tm · Rn (14)

where:
Ra = Pr ·Gr (15)
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is Rayleigh number:

Gr =
gβ∆TR3

µl
2 (16)

stands for Grashof number, and:
Pr =

µlρlcp

kl
(17)

denotes Prandtl number.
The data fitting of the target value of ke and the corresponding parameters ∆T and R

gives:
D = 52.9, m = 0.1706, n = 0.6837 (18)

To check the accuracy of the proposed approximate correlation (14) with the fitting
coefficients (18), the TMT of PCM in the EC model with the new ke given in Equation (14)
is evaluated for the case of ∆T = 10 K and is compared to that from the NC model. Results
in Table 3 indicate that the EC model can be used to effectively treat the melting problem
of PCM sphere with great convenience.

Table 3. Total melting times for the NC and EC models for different sphere sizes and ∆T = 10 K.

∆T(K) R (mm) tNC (s) tEC (s) Error

10

30 2020 1956 3.2%
20 1247 1196 4.1%
15 911 888 2.5%
10 532 511 3.9%
5 210 206 1.9%
3 94 91 3.2%
2 48 47 2.1%

It is worth pointing out that the correlation (14) is given under the condition of
constant heating temperature on the surface of sphere. For composite LHSS including
amounts of encapsulated PCM microspheres, the surface temperature of each microsphere
can be assumed to be uniform due to the relatively small size of microsphere compared to
the composite bulk, and can be evaluated by averaging the surface temperature of each
microsphere.

5. Conclusions

In this paper, the constrained and unconstrained melting in a glass spherical container
is firstly investigated by experiments and numerical simulation to reveal the difference
of melting process of PCM and also to validate the axisymmetric computational model.
The different melting mechanisms caused by NC-driven flow are clearly demonstrated
in the melting process of PCM. Then, the NC effect on heat transfer in the paraffin PCM
encapsulated by a steel spherical shell is analyzed under various sphere sizes and heating
temperatures. the dependence of NC on the sphere size and the heating temperature
for unconstrained melting is investigated through numerical simulation and a simple
correlation on the ETC of PCM is presented. The conclusions of this study include:

(1) For the constrained melting, the heat transfer is controlled by heat conduction across
the glass wall at the early stage of the melting process, and then, as the melting goes
on, the NC strengthens and the lateral whirl flow makes the top region of the PCM
sphere melt faster than the bottom region. Moreover, the wavy profile at the bottom
of solid PCM is formed due to the action of the bottom whirl flow.

(2) For the unconstrained melting, the solid PCM gradually sinks to contact the bottom
of the inner glass wall and thus the melting at the bottom is dominated by heat
conduction across the inner wall. While the melting of the top region of the solid PCM
speeds up due to the lateral whirl flow strengthened by the downward movement of
the solid PCM.
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(3) The size of the PCM capsule has an important influence on the NC-driven heat transfer
in the melting process. With the decrease of the capsule’s radius, the difference
between the TMT of the PC and NC models is gradually narrowing. Specially,
when the radius of the PCM capsule is less than 2 mm, the NC effect is suppressed
significantly in the spherical cavity and the heat transfer is basically controlled by
heat conduction.

(4) Generally, the high heating temperature applied on the surface of spherical shell
shortens the TMT of PCM. However, when its influence can be ignored when the
sphere radius is less than 2 mm.

(5) In order to simplify the complex calculation of the melting of the PCM sphere, the
contribution of the NC effect is converted into an enlarged thermal conductivity of
the PCM, and a correlation is proposed by keeping the TMT unchanged.

Author Contributions: Conceptualization, H.W.; methodology, F.H., S.C. and H.W.; software, F.H.
and S.C.; validation, F.H.; formal analysis, F.H. and S.C.; investigation, F.H. and S.C.; writing—original
draft preparation, F.H.; writing—review and editing, H.W.; supervision, H.W.; funding acquisition,
S.C. and H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the Nation Natural Science Foundation of China (No. 12072107,
51908197), the Program for Innovative Research Team of Science and Technology of Henan Province
of China (19IRTSTHN020) and the Key Technologies R & D Program of Henan Province of China
(202102310262).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to appreciate anonymous reviewers for their constructive
suggestions and comments to improve the quality of the paper.

Conflicts of Interest: The authors declare no conflict of interest in this work.

References
1. Qiu, J.; Huo, D.; Xia, Y. Phase-Change Materials for Controlled Release and Related Applications. Adv. Mater. 2020, 32, 2000660.

[CrossRef]
2. Zhang, B.; Tian, Y.; Jin, X.; Lo, T.Y.; Cui, H. Thermal and Mechanical Properties of Expanded Graphite/Paraffin Gypsum-Based

Composite Material Reinforced by Carbon Fiber. Materials 2018, 11, 2205. [CrossRef]
3. Dutil, Y.; Rousse, D.R.; Salah, N.B.; Lassue, S.; Zalewski, L. A review on phase-change materials: Mathematical modeling and

simulations. Renew. Sustain. Energy Rev. 2011, 15, 112–130. [CrossRef]
4. Liu, C.; Qian, R.; Liu, Z.; Liu, G.; Zhang, Y. Multi-scale modelling of thermal conductivity of phase change material/recycled

cement paste incorporated cement-based composite material. Mater. Des. 2020, 191, 108646. [CrossRef]
5. Drissi, S.; Ling, T.C.; Mo, K.H.; Eddhahak, A. A review of microencapsulated and composite phase change materials: Alteration

of strength and thermal properties of cement-based materials. Renew. Sustain. Energy Rev. 2019, 110, 467–484. [CrossRef]
6. Hunger, M.; Entrop, A.G.; Mandilaras, I.; Brouwers, H.J.H.; Founti, M. The behavior of self-compacting concrete containing

micro-encapsulated Phase Change Materials. Cem. Concr. Compos. 2009, 31, 731–743. [CrossRef]
7. Liu, Z.; Yu, Z.; Yang, T.; Qin, D.; Li, S.; Zhang, G.; Haghighat, F.; Joybari, M.M. A review on macro-encapsulated phase change

material for building envelope applications. Build. Environ. 2018, 144, 281–294. [CrossRef]
8. Memon, S.A.; Cui, H.Z.; Zhang, H.; Xing, F. Utilization of macro encapsulated phase change materials for the development of

thermal energy storage and structural lightweight aggregate concrete. Appl. Energy 2015, 139, 43–55. [CrossRef]
9. Trivedi, G.V.N.; Parameshwaran, R. Microencapsulated phase change material suspensions for cool thermal energy storage.

Mater. Chem. Phys. 2020, 242, 122519. [CrossRef]
10. Kenisarin, M.M.; Mahkamov, K.; Costa, S.C.; Makhkamova, I. Melting and solidification of PCMs inside a spherical capsule: A

critical review. J. Energy Storage 2020, 27, 101082. [CrossRef]
11. Dong, Z.; Cui, H.; Tang, W.; Chen, D.; Wen, H. Development of Hollow Steel Ball Macro-Encapsulated PCM for Thermal Energy

Storage Concrete. Materials 2016, 9, 59. [CrossRef]
12. Xia, L.; Zhang, P.; Wang, R.Z. Numerical heat transfer analysis of the packed bed latent heat storage system based on an effective

packed bed model. Energy 2010, 35, 2022–2032. [CrossRef]

http://doi.org/10.1002/adma.202000660
http://doi.org/10.3390/ma11112205
http://doi.org/10.1016/j.rser.2010.06.011
http://doi.org/10.1016/j.matdes.2020.108646
http://doi.org/10.1016/j.rser.2019.04.072
http://doi.org/10.1016/j.cemconcomp.2009.08.002
http://doi.org/10.1016/j.buildenv.2018.08.030
http://doi.org/10.1016/j.apenergy.2014.11.022
http://doi.org/10.1016/j.matchemphys.2019.122519
http://doi.org/10.1016/j.est.2019.101082
http://doi.org/10.3390/ma9010059
http://doi.org/10.1016/j.energy.2010.01.018


Materials 2021, 14, 4752 17 of 17

13. Bondareva, N.S.; Sheremet, M.A. Flow and heat transfer evolution of PCM due to natural convection melting in a square cavity
with a local heater. Int. J. Mech. Sci. 2017, 134, 610–619. [CrossRef]

14. Cao, S.H.; Wang, H. Characterization of size effect of natural convection in the melting process of phase change material in square
cavity. Chin. Phys. B 2021. [CrossRef]

15. Andreozzi, A.; Iasiello, M.; Tucci, C. Numerical Investigation of a Phase Change Material Including Natural Convection Effects.
Energies 2021, 14, 348. [CrossRef]

16. Zhao, J.; Zhai, J.; Lu, Y.; Liu, N. Theory and experiment of contact melting of phase change materials in a rectangular cavity at
different tilt angles. Int. J. Heat Mass Transf. 2018, 120, 241–249. [CrossRef]

17. Jourabian, M.; Farhadi, M.; Darzi, A.A.R. Convection-dominated melting of phase change material in partially heated cavity:
Lattice Boltzmann study. Heat Mass Transf. 2013, 49, 555–565. [CrossRef]

18. Korti, A.I.N.; Guellil, H. Experimental study of the effect of inclination angle on the paraffin melting process in a square cavity. J.
Energy Storage 2020, 32, 101726. [CrossRef]

19. Ettouney, H.; El-Dessouky, H.; Al-Ali, A. Heat Transfer during Phase Change of Paraffin Wax Stored in Spherical Shells. J. Sol.
Energy Eng. 2005, 127, 357–365. [CrossRef]

20. Assis, E.; Katsman, L.; Ziskind, G.; Letan, R. Numerical and experimental study of melting in a spherical shell. Int. J. Heat Mass
Transf. 2007, 50, 1790–1804. [CrossRef]

21. Karthikeyan, S.; Ravikumar Solomon, G.; Kumaresan, V.; Velraj, R. Parametric studies on packed bed storage unit filled with
PCM encapsulated spherical containers for low temperature solar air heating applications. Energy Convers. Manag. 2014, 78,
74–80. [CrossRef]

22. Liao, Z.; Xu, C.; Ren, Y.; Gao, F.; Ju, X.; Du, X. A novel effective thermal conductivity correlation of the PCM melting in spherical
PCM encapsulation for the packed bed TES system. Appl. Therm. Eng. 2018, 135, 116–122. [CrossRef]

23. Kim, M.H.; Lee, Y.T.; Gim, J.; Awasthi, A.; Chung, J.D. New effective thermal conductivity model for the analysis of whole
thermal storage tank. Int. J. Heat Mass Transf. 2019, 131, 1109–1116. [CrossRef]

24. Kumar, B.; Abhishek, A.; Chung, J.D. New effective thermal conductivity model for the analysis of unconstrained melting in an
entire thermal storage tank. J. Energy Storage 2020, 30, 101447. [CrossRef]

25. Gao, Z.; Yao, Y.; Wu, H. Validation of a melting fraction-based effective thermal conductivity correlation for prediction of melting
phase change inside a sphere. Int. J. Therm. Sci. 2019, 142, 247–257. [CrossRef]

26. Amin, N.A.M.; Bruno, F.; Belusko, M. Effective thermal conductivity for melting in PCM encapsulated in a sphere. Appl. Energy
2014, 122, 280–287. [CrossRef]

27. Tan, F.L. Constrained and unconstrained melting inside a sphere. Int. Commun. Heat Mass Transf. 2008, 35, 466–475. [CrossRef]
28. Hosseinizadeh, S.F.; Rabienataj Darzi, A.A.; Tan, F.L.; Khodadadi, J.M. Unconstrained melting inside a sphere. Int. J. Therm. Sci.

2013, 63, 55–64. [CrossRef]
29. Sattari, H.; Mohebbi, A.; Afsahi, M.M.; Azimi Yancheshme, A. CFD simulation of melting process of phase change materials

(PCMs) in a spherical capsule. Int. J. Refrig. 2017, 73, 209–218. [CrossRef]
30. Gao, Z.; Yao, Y.; Wu, H. A visualization study on the unconstrained melting of paraffin in spherical container. Appl. Therm. Eng.

2019, 155, 428–436. [CrossRef]
31. Wang, H.; Zhao, X.J. Simulation of Transient Thermal Behaviors of the System Consisting of Aluminum Plate and Phase Change

Material. J. Mater. Sci. Appl. 2017, 3, 53–57.
32. Junior, J.F.R.; Oliveski, R.D.C.; Rocha, L.A.O.; Biserni, C. Numerical investigation on phase change materials (PCM): The melting

process of erythritol in spheres under different thermal conditions. Int. J. Mech. Sci. 2018, 148, 20–30. [CrossRef]
33. Holman, J.P. Heat Transfer, 10th ed.; McGraw-Hill Education: New York, NY, USA, 2009.
34. Cui, H.; Tang, W.; Qin, Q.; Xing, F.; Liao, W.; Wen, H. Development of structural-functional integrated energy storage concrete

with innovative macro-encapsulated PCM by hollow steel ball. Appl. Energy 2017, 185, 107–118. [CrossRef]

http://doi.org/10.1016/j.ijmecsci.2017.10.031
http://doi.org/10.1088/1674-1056/abea9c
http://doi.org/10.3390/en14020348
http://doi.org/10.1016/j.ijheatmasstransfer.2017.12.006
http://doi.org/10.1007/s00231-012-1102-y
http://doi.org/10.1016/j.est.2020.101726
http://doi.org/10.1115/1.1850487
http://doi.org/10.1016/j.ijheatmasstransfer.2006.10.007
http://doi.org/10.1016/j.enconman.2013.10.042
http://doi.org/10.1016/j.applthermaleng.2018.02.048
http://doi.org/10.1016/j.ijheatmasstransfer.2018.11.122
http://doi.org/10.1016/j.est.2020.101447
http://doi.org/10.1016/j.ijthermalsci.2019.04.029
http://doi.org/10.1016/j.apenergy.2014.01.073
http://doi.org/10.1016/j.icheatmasstransfer.2007.09.008
http://doi.org/10.1016/j.ijthermalsci.2012.07.012
http://doi.org/10.1016/j.ijrefrig.2016.09.007
http://doi.org/10.1016/j.applthermaleng.2019.03.160
http://doi.org/10.1016/j.ijmecsci.2018.08.006
http://doi.org/10.1016/j.apenergy.2016.10.072

	Introduction 
	Experiment Setup 
	Computational Model 
	Results and Discussion 
	Validation of the Numerical Model 
	Constrained Melting 
	Unconstrained Melting 

	Size Effect of PCM Sphere on Natural Convection 
	Equivalent Thermal Conductivity Model 

	Conclusions 
	References

