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The accelerating effect of natural convection on the melting of phase change material (PCM) has been extensively
demonstrated. However, such an influence is directly dependent on the size and shape of domain in which phase change
happens, and how to quantitatively describe such an influence is still challenging. On the other hand, the simulation of
natural convection process is considerably difficult, involving complex fluid flow in a region changing with time, and is
typically not operable in practice. To overcome these obstacles, the present study aims to quantitatively investigate the size
effect of natural convection in the melting process of PCM paraffin filled in a square latent heat storage system through
experiment and simulation, and ultimately a correlation equation to represent its contribution is proposed. Firstly, the paraf-
fin melting experiment is conducted to validate the two-dimensional finite element model based on the enthalpy method.
Subsequently, a comprehensive investigation is performed numerically for various domain sizes. The results show that the
melting behavior of paraffin is dominated by the thermal convection. When the melting time exceeds 50 s, a whirlpoor flow
caused by natural convection appears in the upper liquid phase region close to the heating wall, and then its influencing
range gradually increases to accelerate the melting of paraffin. However, its intensity gradually decreases as the distance
between the melting front and the heating wall increases. Besides, it is found that the correlation between the total melting
time and the domain size approximately exhibits a power law. When the domain size is less than 2 mm, the accelerating
effect of natural convection becomes very weak and can be ignored in practice. Moreover, in order to simplify the complex
calculation of natural convection, the equivalent thermal conductivity concept is proposed to include the contribution of
natural convection to the total melting time, and an empirical correlation is given for engineering applications.

Keywords: phase change material, natural convection, size effect, equivalent thermal conductivity
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1. Introduction
Because of high latent heat capacity, phase change ma-

terials (PCMs) exhibit great advantages over traditional ma-
terials for thermal energy storage. For example, 1-kg solid
paraffin with latent heat 210.5 kJ/kg can absorb 210.5-kJ ther-
mal energy in the melting process and the melting tempera-
ture almost keeps constant. This preferable property makes
PCMs considerably useful to store or release thermal energy
in a wide range of applications such as buildings, solar power
plants, electronic components, spacecrafts, etc.[1–4]

Over the past decades, many studies have been carried out
to analyze the heat transfer characteristic of PCMs. For exam-
ple, the enthalpy method was first developed by Eyres et al. for
solving heat conduction in solids[5] and then it was extended to
the heat conduction controlled phase change problems, which
are also named Stefan problems.[6–8] Recently, Sultana et al.
compared several fixed grid techniques for solving the Ste-
fan problem, thereby predicting moving solid–liquid interface
in the phase change process.[9] However, the classic Stefan
problem is not suitable for the analysis of melting process of

PCM, because the shape of melting front and the total melt-
ing time of PCM are actually determined by the heat conduc-
tive and convective processes together.[10] Natural convection
caused by temperature gradient or density variation in liquid
phase significantly changes the thermofluid transport mode.
To effectively predict the thermal and hydrodynamic process
of a material experiencing phase change, the natural convec-
tion effect must be included.[11–14] For conveniently describ-
ing the whirlpool flow caused by natural convection, Boussi-
nesq approximation,[15] and porous flow theory[13] are gener-
ally utilized to introduce the driving force into the momentum
equation.

All those researches reported that the actual solid–liquid
phase change process is extremely complex, because it in-
volves with heat transfer, solid–liquid phase transition, liq-
uid phase flow, solid phase motion, volume expansion, and
moving solid–liquid interface.[16] Moreover, the melting pro-
cess is strongly dependent on the geometry shape and size
of PCM domain,[12,17,18] the heating direction,[19,20] the en-
hancing strategy,[21–27] and the constrained mode of the solid
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phase.[13,17] Although it has been demonstrated that the nat-
ural convection in the liquid phase plays a positive role in
accelerating the melting process of PCM, the description of
natural convection behavior in PCM melting process may en-
counter some obstacles: (i) the natural convection process is
too complex to be captured accurately, (ii) the simulation of
natural convection is time-consuming, (iii) the effect of natu-
ral convection is size-scale dependent, (iv) the effect of natural
convection is related to the applied boundary conditions, and
(v) the contribution of natural convection is difficult to quan-
titively assess. Therefore, comprehensively understanding the
melting process and the role of natural convection presents a
considerable challenge in applying PCMs to thermal energy
storage. The study of influence of natural convection on melt-
ing behavior is still insufficient, and the physical principle in
it is not specifically explained.

In the present study, we aim to extend the understanding
of the performance of natural convection melting process of
PCM to the cases of different scales and develop an equivalent
thermal conductivity concept for including the contribution of
natural convection and reducing the computational difficulty
as well. To do so, the melting process of paraffin wax within
a rectangular container is studied. The melting experiment
of paraffin wax in the rectangular box is conducted to trace
the moving of solid–liquid interface and validate the computa-
tional model. Then, the temperature field and velocity field in
the melting process are simulated and the influences of natu-
ral convection on the liquid fraction in various time steps and
the total melting time are discussed. Also, with this compu-
tational model, the size effects of natural convection are ana-
lyzed in different size cases and the critical value of domain
size which corresponds to the case that the effect of natural
convection can be ignored below this value is obtained. Simul-
taneously, the physical principle behind it is revealed. Finally,
the effect of natural convection on the melting time of PCM
is represented by the introduced equivalent thermal conductiv-
ity concept, and an empirical correlation of equivalent thermal
conductivity is given for simplifying the complex calculation
of natural convection in engineering applications.

The rest of this paper is organized as follows. In Sec-
tion 2, the melting experiment of paraffin wax within a rect-
angular container is described. In Section 3, the basic gov-
erning equations to simulate the melting behavior of the PCM
are presented. The numerical model and boundary conditions
are explained in detail in Section 4. The simulation results
and discussion are given in Section 5. Finally, the important
findings are discussed in Section 6.

2. Melting experiment
To further investigate the thermal performance and the

energy storage capability of the PCM, the paraffin melt-

ing experiment in a rectangular container is carried out,
and the schematic diagram of the experiment is shown in
Fig. 1. The rectangular container with interior dimensions of
100 mm×100 mm×300 mm is made of six transparent per-
spex plates, each of which has a thickness of 10 mm and good
thermal insulation performance, and allows visual observation
of the melting inside the container. To further reduce heat
loss in the melting process and provide nearly adiabatic envi-
ronment, the rectangular container is covered with the cotton
layer and the polyfoam layer as indicated in Fig. 1. The insula-
tion layer can be uncovered when we take photos by a digital
camera to record the instantaneous locations of solid–liquid
melting front during the melting experiment. The camera is
positioned appropriately in front of the container. The cav-
ity is filled with solid PCM paraffin wax (melting temperature
300 K) purchased from Shanghai Joule wax Company: such
a wax is adopted because of its stability in melting and freez-
ing cycles. The physical properties of paraffin wax are listed
in Table 1. To measure the temperature change in the melt-
ing process of paraffin wax, five thermocouples are arranged
at different locations (K1 at h = 2 cm, K2 at h = 4 cm, K3
at h = 6 cm, K4 at h = 8 cm, and K5 directly exposed to the
environment). The temperature data are collected by a 24-
channel temperature measurer (Anbai, AT4524), and stored in
a computer. Besides, prior to the melting experiment, the rect-
angular container filled with paraffin should be exposed to the
laboratory environment for at least 24 h to ensure a uniform
initial temperature in the paraffin wax. The initial temperature
of paraffin wax is (16±0.1) ◦C.

T

o t





  








Fig. 1. Schematic diagram of paraffin melting experiment. The numbers in
the figure describe the fallowing units: 1-polyfoam, 2-cotton, 3-rectangular
container, 4-paraffin, 5-hot plate, 6-thermocouples, 7-data acquisition unit,
8-computer, 9-camera.

Table 1. Material properties of paraffin.

Property Symbol Unit Value

Density ρ kg/m3 880
Heat capacity Cp J/kg/K 3220

Thermal conductivity k W/m/K 0.2
Dynamic viscosity µ Pa.s 0.00579

Melting temperature Tm K 300
Transition interval ∆T K 1

Latent heat of fusion Lm kJ/kg 210.5
Thermal expansion coefficient αp K−1 0.001
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i)

Fig. 2. Evolution of experimental melting front in entire melting process (front view) at f = 0 (a), 0.02 (b), 0.06 (c), 0.14 (d), 0.24 (e), 0.42 (f),
0.58 (g), 0.74 (h), and 0.96 (i).

During the test, the enclosed paraffin wax is heated from
the left side by using an electric heating plate, which is made
of highly conductive silicon paste. A digital temperature con-
troller is used to control the heating temperature, which is set
to be 70 ◦C in the melting test. In order to ensure the ac-
curacy of heating temperature, the sensitivity and reliability
of digital temperature controller have been calibrated by K-
type thermocouples prior to the melting test. To achieve a uni-
form heating source, a 2-mm-thick copper plate is glued on
the electric heater to contact the paraffin wax. In Fig. 2, the
experimental results show the evolution of liquid fraction f in
the entire melting process of paraffin. Typically, f = 0 when
the PCM is solid, and f = 1 when the PCM is liquid. At the
beginning of melting, the heat transfer is dominated by heat
conduction due to the direct contact between the heating wall
and the paraffin wax, and a very thin liquid layer is formed
rapidly. In this region, because the layer thickness is small,
the motion of molten PCM is extremely slight. As a result,
the melting front of paraffin almost keeps parallel to the heat-
ing wall as shown in Fig. 2(b). Subsequently, the paraffin in
the upper portion melts faster than in the lower part, so that
the solid–liquid interface becomes inclined, which may be at-
tributed to the accelerating effect of natural convection on the

liquid paraffin. Moreover, as the melting process goes on, the
effect of natural convection becomes more significant. This
can be demonstrated by the more and more inclined melting
interface.

3. Computational model
3.1. Mathematical formulations

Compared with the experimental results, the numerical
results can provide detailed field variations inside the cavity.
Here, in order to further investigate the heat transfer behaviors
in the paraffin in the melting process at different size levels
of the cavity, it is necessary to establish an appropriate com-
putational model to describe the complex melting process of
paraffin in the rectangular cavity which may involve with heat
conduction, phase change, liquid-phase flow caused by natu-
ral convection, solid-phase motion, and moving of solid–liquid
interface. In this work, a two-dimensional (2D) computational
model along the square cross-section of the cavity is devel-
oped based on the symmetrical configuration of the experi-
mental model and the applied boundary conditions, and its
details can be found in Fig. 3. The following basic assump-
tions on the paraffin are made in the mathematical model: i)
the fluid phase is incompressible, ii) the physical properties
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for each phase keep unchanged, iii) mushy zone exists during
the melting of PCM, iv) the volume expansion in the melting
process is ignored, and v) there is no heat generation inside the
PCM.

Based on the above assumptions, the transient governing
equations for the problem under consideration are written be-
low.

Continuity equation

∇ ·𝑢= 0. (1)

Momentum equation

ρ
∂𝑢

∂ t
+ρ(∇ ·𝑢)𝑢=−∇p+µ∇

2𝑢+𝐹 . (2)

Energy equation

ρCp

(
∂T
∂ t

+𝑢 ·∇T
)
= k∇

2T − ∂ (ρLm f )
∂ t

, (3)

where ρ is the density, ∇ is the Hamiltonian operator, 𝑢 is the
velocity vector, p is the pressure, µ is the dynamic viscosity,
𝐹 is the volume force vector, T is the absolute temperature,
Cp is the specific heat capacity, k is the thermal conductivity,
and Lm is the latent heat of fusion.

In momentum equation (2), when the density fluctuation
caused by temperature variations is small, we can assume that
the flow of the liquid phase is driven by a buoyancy force,
which can be given by the following Boussinesq approxima-
tion:

𝐹 =−ρ [1−α (T −Tref)]𝑔, (4)

where Tref is the reference temperature and can be taken as the
melting temperature Tm for the phase change problem. α is
the thermal expansion coefficient, and 𝑔 is the acceleration of
gravity.

Besides, the solid phase can be regarded as a liquid with
much higher viscosity than the liquid phase, so the dynamic
viscosity in Eq. (2) practically is written in the form of

µ = (1− f )µs + f µl, (5)

where µs = 108µl is the dynamic viscosity of solid phase and
µl is the dynamic viscosity of liquid phase. Hereafter, the sub-
script “s” represents the solid phase, and the subscript “l” de-
notes the liquid phase.

In Eq. (3), the effective thermal conductivity k, the effec-
tive density ρ , and the specific heat capacity Cp can respec-
tively be given respectively by

k = (1− f )ks + f kl, (6)

ρ = (1− f )ρs + f ρl, (7)

Cp =
1
ρ

[
(1− f )ρsCp,s + f ρlCp,l

]
+Lm

dβ

dT
, (8)

where β is the mass fraction defined as

β =
1
2

f ρl − (1− f )ρs

ρ
. (9)

In practice, in order to ensure the solution stability , the
phase change is assumed to occur in a small temperature range
[Ts,Tl], where Ts and Tl usually are set to be Tm −∆T/2 and
Tm +∆T/2, respectively, and ∆T = Tl −Ts is a small temper-
ature interval,[28] i.e., 1 K. For this case, the phase change
interphase is modelled as a mushy zone in which the value of
liquid fraction can be evaluated by the linear interpolation of
temperature

f =


0, T ≤ Ts,
T −Ts

Tl −Ts
, Ts < T < Tl,

1, T ≥ Tl.

(10)

3.2. Boundary and initial conditions

In order to solve the unsteady PCM melting problem, ap-
propriate boundary conditions are applied to the boundary of
cavity. Initially, the temperature of the whole PCM is set to
be the room temperature T0 = 16 ◦C, the velocity filed in it is
zero and the pressure is 1 atm (1 atm = 1.01325×105 Pa). Ad-
ditionally, the heating temperature is maintained at 70 ◦C and
the remaining boundaries are insulated. Besides, the pressure
point constraint is applied to point B as shown in Fig. 3. Such
an operation is helpful in improving the convergence of phase
change analysis when the natural convection is considered.
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Fig. 3. Finite element mesh for melting computation model of paraffin.

3.3. Meshing operation

In this study, the COMSOL Multiphysics 5.3a is utilized
to simulate the melting process occurring in the paraffin en-
closed in a rectangular cavity by considering the heat conduc-
tion in the solid phase, the heat convection in the liquid phase,
and the motion of the solid phase. The unstructured quadri-
lateral mesh containing 90009 DOFs is used to model in the
computational domain. In order to exactly describe the flow
velocity nearby the boundary, a boundary layer mesh is cre-
ated as shown in Fig. 3. The number of boundary layers is 12,
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and the boundary layer stretching factor is 20% to smooth the
transition in element size from the boundary layer mesh to the
interior mesh. The setting of boundary layer properties can
achieve a better mesh.

4. Results and discussion

In this section, a comparison between the experimental
results and the numerical results is first presented for the pur-
pose of validation. Then, a detailed parameter sensitivity anal-
ysis is discussed.

4.1. Validation

Figure 4 shows the simulated melting fronts in the paraf-
fin PCM at different liquid fractions. The blue color and red
color represent the solid and liquid phase, respectively, and
the yellow arrow denotes the velocity direction. It is found
from Fig. 4 that the evolution of the melting front is basically
consistent with the experimental results given in Fig. 2. One
can see that from Fig. 4 that the portion of the solid phase de-
scends gradually as expected. At f = 0.02, the melting inter-
face is nearly vertical due to the dominated conduction effect.
Then, owing to the effect of natural convection, a clockwise
whirlpool flow indicated by the yellow velocity arrow in the
molten liquid region appears clearly and becomes significant

in accelerating the melting of the solid phase near the upper
part of the cavity. As a result, the melting front becomes more
and more inclined as the melting process goes on. It can be
concluded that the melting process is initially dominated by
the heat conduction and then by the natural convection under
one-dimensional (1D) heat transfer conditions.

To accurately describe the melting process, the liquid
fraction of paraffin is calculated, and the fesults are shown
in Fig. 5. It is found that the liquid fraction increases with
time going by, but the melting rate slows down. This can be
attributed to the fact that as the distance between the melting
front and the heating wall increases with time going by, the
heating effect of the hot wall becomes weak and the intensity
of the whirlpool flow decreases. Moreover, such a variation of
the liquid fraction approximately follows a power law.

To further investigate the time-dependent variation of
temperature in the melting process, six monitoring points are
selected as shown in Fig. 3. The temperature variation at
each monitoring point is depicted in Fig. 6. From Fig. 6,
it is observed that the temperatures at monitoring points in-
crease monotonically before they are lower than the melting
temperature of paraffin. Once the temperature exceeds 300 K,
the temperature curves rise rapidly with time. After that, all
the temperatures slightly decrease. Finally, each temperature
curve gradually reaches the heating temperature Tw = 70 ◦C.

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i)

Fig. 4. Evolution of numerical melting fronts in entire melting process at f = 0 (a), 0.02 (b), 0.06 (c), 0.14 (d), 0.24 (e), 0.42 (f), 0.58 (g), 0.74
(h), and 0.96 (i).
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The temperature change at each point can be further ex-
plained by Fig. 7. It is found from Fig. 7(a) that there is a
high temperature gradient near the heating wall and the melt-
ing front. Moreover, as the melting process goes on, it is ob-
served from Fig. 7(b) that thermally stable and unstable fluid
regions exist together, and the separating line between them
is close to the upper segment of the melting front. In the
stable layer, the thermal energy is dominated by conduction.
Whereas, in the unstable layer, the heat transfer is dominated
by convection, and the hot fluid flow is basically wrapped up
in the boundary layer of the melting front. As illustrated in

Fig. 7(b), a triangular low temperature region is formed due
to the effect of coupling between conduction and convection.
Hence, the temperature at point B located in the triangular re-
gion is slightly lower than the values at points A and C that are
located outside of the low temperature region. Such a temper-
ature discrepancy can be used to explain why all the curves in
Fig. 6 show a slightly descent trend after the rapid rise in the
melting process. Furthermore, owing to the presence of ther-
mal boundary layer and velocity boundary layer which closely
follows the melting front, the higher grid density is needed to
accurately capture the positions of melting front.
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4.2. Effect of natural convection

To further ascertain the features of the natural convection,
the case without fluid flow is investigated for comparison. Fig-
ure 8 displays that the melting front of the paraffin gradually
moves rightward and keeps almost vertical at each timemo-
ment, when the heat transfer is controlled by the heat con-
duction. Hence, the temperature curves at the six monitoring
points (see Fig. 3) are completely identical as shown in Fig. 9.
It is found that the paraffin at each of these monitoring points
begins to melt at around t = 38300 s at which the temperature
approximately reaches the melting temperature 300 K and the
liquid fraction is 0.5. Subsequently, the temperature at each
of these points continues to increase by the heat conduction in

the liquid PCM. Until t = 133860 s, the cavity is fully filled
with the liquid paraffin.

By comparing the melting times with and without con-
sidering the natural convection, it is found that the contribu-
tion of natural convection can make the melting front inclined
and, more importantly, can reduce the total melting time by
92.36%. Thus, the natural convection in the liquid phase plays
an important role in accelerating heat transfer in the melting
process and should be considered. However, how to quanti-
tatively assess its accelerating effect is still an open issue. In
the next section, the dependence of natural convection on the
cavity size is studied and its influence on the total melting time
is analyzed numerically.
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(a)            (b)      (c) 

Fig. 8. Snapshots of melting front at different time moments: t = 3600 s (a), 38300 s (b), 133860 s (c) (fully melted).
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4.3. Size-dependent natural convection

To investigate the effect of the cavity size on the con-
vection heat transfer, a comprehensive analysis is performed
in this work, and the results are shown in Figs. 10 and 11,
in which the computation stops and the total melting time is
recorded when the melting of paraffin is finished. As can be
seen from Fig. 10(a) which corresponds to the case without the
natural convection, the log–log curves of the liquid fraction
versus melting time are approximately straight lines for differ-
ent cavity sizes, which means that the liquid fraction varying
with time follows a power law. Comparatively, under the in-
fluence of natural convection, the log–log curves in Fig. 10(b)
shows different behaviors. These curves initially keep straight
and then their slopes increase with time. This indicates that
the heat transfer is initially dominated by heat conduction and
then the natural convection becomes strong and accelerate the
melting rate. However, the melting rate slows down when the
liquid fraction is over 0.6. This can be attributed to the fact
that the strength of whirlpool becomes weak as the distance
between the heating wall and the melting front increases. This
stage accounts for around 30% of the total melting time.

Figure 11 depicts the total melting time against the cavity
size in the cases without and with the natural convection. It
is clearly indicated that a smaller computational domain will
melt faster than a larger one for the cases with and without nat-
ural convection and the relationship between the total melting
time and the cavity side exhibits a power law, especially for
the case with natural convection. Also, it is seen that the total
melting time is significantly reduced when the natural convec-

tion present, and such an accelerating effect becomes stronger
as the cavity size becomes bigger. Simultaneously, one ob-
serves in Fig. 11 that the total melting time is almost identical
for the two cases when the cavity size is very smaller. So it can
be concluded that the effect of natural convection is closely re-
lated to the cavity size.
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Fig. 10. Variations of liquid fraction with melting time in the cases without
(a) and with (b) natural convection.
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and with natural convection.

To clearly demonstrate the size-dependence natural con-
vection, the ratio between the total melting times for the two
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cases is defined as

χ =
tv
td
, (11)

where tv and td denote the total melting time corresponding to
the cases with and without natural convection, respectively.

Figure 12 shows the variation of the total melting ratio
with the cavity size. From Fig. 12, it is found that the effect
of natural convection is significant. For example, when the
cavity size is 50 mm, the total melting ratio is 0.1205. This
means that the total melting time with natural convection de-
creases 87.95% in comparison with that without natural con-
vection. Moreover, the total melting ratio becomes more and
more small as the domain size increases. This indicates that
the contribution of natural convection becomes more and more
significant with the increase of domain size. Also, it is seen
that when the cavity size is 2 mm, the total melting time ra-
tio is very close to 1. This means that the accelerating effect
of natural convection can be neglected when the cavity size

is 2 mm. This can be further explained by the shaping of the
melting front when the liquid fraction is 0.5 as indicated in
Fig. 13, from which it is observed that the melting front be-
comes more inclined with the increase of domain size. Par-
tially, as the domain size is 2 mm, the melting front is almost
vertical.
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Fig. 13. Melting fronts for different domain sizes: L = 2 mm (a), 5 mm (b), 10 mm (c), 20 mm (d), 50 mm (e), and 100 mm (f).

5. Equivalent thermal conduction

The results above clearly show that the natural convec-
tion plays a positive role in accelerating the melting of paraffin
and reducing the total melting time, which is directly related
to the absorbing rate of latent energy in the melting process
of PCM. However, we must point out that when the natural
convection of liquid phase is involved, the melting process
of PCM becomes very complex and a large number of iter-
ations are needed at each time step. As a result, completing
each simulating job may take about several days. For exam-
ple, with the same mesh for discretizing the 100 mm×100 mm
cavity, the CPU computing time is about 20 h by using the

desktop with I7-8700 CPU and 16 G memories, although the
full melting of paraffin can practically finish within 3 h. Such
a time-consuming computation severely limits the quick anal-
ysis of PCM melting and hinders the engineering applications
of PCM.

In order to simplify the calculation of PCM, the sim-
plest treatment is to introduce an equivalent thermal conduc-
tivity concept which integrates the contribution of natural con-
vection in the original PCM into the thermal conductivity
of equivalent PCM and assumes that the heat conduction is
a dominant energy transfer mode in the melting process of
equivalent PCM. The other physical parameters of PCM like
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the density, heat capacity, melting temperature, and latent heat,
keep unchanged. On the basis of the same total melting time,
the equivalent heat conduction coefficient k∗eff of the equivalent
PCM can be determined by the intersection between the ac-
tual total melting time curve and the changing curve plotted by
changing the thermal conductivity of the equivalent PCM in a
large range as indicated in Fig. 14 for the case of L = 100 mm.
In Table 2, the values of desired equivalent thermal conduc-
tivity are listed for different domain sizes. In Table 2, tcv and
tcd denote the CPU computing time for the original PCM and
the equivalent PCM, respectively. Obviously, for the equiva-
lent PCM, the computing time dramatically decreases. In other
words, the computing efficiency greatly increases. For exam-
ple, for L = 100 mm, the computation for the equivalent PCM
is 165.7 times faster than that for the original PCM. Moreover,
the results in Table 2 indicate that the equivalent thermal con-
ductivity of the equivalent PCM is related to the domain size.
Using the data fitting technique, an empirical correlation of
equivalent heat conduction coefficient is written as

k∗eff = 0.5115×
[
(Tw −Tm)

Tm
+0.5333

](
Gr
Ste

)0.2183

k, (12)

where the Grashof number (Gr) and Stefan number (Ste) are
defined as follows:

Gr =
gαp (Tw −Tm)L3

(µ/ρ)2 , (13)

Ste =
Cp (Tw −Tm)

Lm
. (14)

Equation (11) is valid for the range of parameters used in sim-
ulation cases: 23.8 < Gr < 9.77×106 and 0.2 < Ste < 0.66.
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Table 2. Equivalent heat conduction coefficient.

L (mm)
Original PCM Equivalent PCM

tv (min) k (W/m·K) tcv (min) keff (W/m·K) tcd (min)

2 0.8 0.2 379.2 0.2083 3.1
5 3.0 0.2 312.5 0.3444 3.8

10 7.3 0.2 391.3 0.5636 3.8
20 18.5 0.2 589.0 0.8865 3.6
50 61.2 0.2 974.9 1.6599 3.9
75 108.5 0.2 1149.3 2.1229 3.7
100 170.5 0.2 1123.7 2.6170 7.4
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Fig. 15. Comparison between results calculated by FEM and Eq. (11), show-
ing (a) effect of domain size and (b) effect of temperature difference.

6. Conclusions
To analyze the effect of natural convection on the heat

transfer behavior and the energy storage capability in the
paraffin and reveal the size-dependence of natural convection,
the experimental and numerical investigations of the melting
process in a rectangular cavity are carried out in this paper.
The enthalpy-based numerical model is validated experimen-
tally. The main conclusions are shown below.

The heat conduction is dominant at the beginning of the
melting process and the corresponding melting front keeps al-
most parallel to the heating wall. Then, as the melting region
grows, the melting front gradually becomes inclined due to the
appearance of clockwise whirlpool in the liquid phase caused
by natural convection. However, the intensity of whirlpool be-
comes weak as the distance between the melting front and the
heating wall increases.

Compared with the case without natural convection,
the natural convection can reduce the total melting time by
92.36% and increase the melting efficiency of paraffin for
L = 100 mm.

The domain size plays a significant role in the convective
heat transfer in the melting process, and the relation between
total melting time and domain side exhibits a power law. When
the domain size is less than 2 mm, the influence of natural con-
vection can be ignored.

In order to simplify the calculation, the equivalent thermal
conductivity concept is proposed, and an empirical correlation
of the equivalent thermal conductivity is obtained by data fit-
ting. This simple solution can greatly reduce the computation
time and ensure the absorbing rate of latent heat simultane-
ously. This solution provides an approximate method for the

104403-9



Chin. Phys. B Vol. 30, No. 10 (2021) 104403

future analysis of complex engineering problems associated
with phase change materials.

In summary, the present study can enhance our under-
standing of the relation between the particle size and the latent
energy storing function, and the proposed empirical correla-
tion of equivalent heat conduction coefficient provides a great
convenience for developing advanced cement-based compos-
ite incorporating PCM particles used for potential engineering
applications in designing ecology-grain-storage structures.
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[26] Karaipekli A, Biçer A, Sarı A and Tyagi V V 2017 Energy Conversion

and Management 134 373
[27] Zhang L, Zhou K, Wei Q, et al. 2019 Appl. Energy 233–234 208
[28] Voller V R and Prakash C 1987 Int. J. Heat Mass Transfer 30 1709

104403-10

http://dx.doi.org/10.1016/j.applthermaleng.2017.12.066
http://dx.doi.org/10.1016/j.applthermaleng.2017.10.038
http://dx.doi.org/10.1016/j.icheatmasstransfer.2018.08.003
http://dx.doi.org/10.1016/j.icheatmasstransfer.2018.08.003
http://dx.doi.org/10.1016/j.solmat.2017.09.049
http://dx.doi.org/10.1016/j.solmat.2017.09.049
http://dx.doi.org/10.1098/rsta.1946.0002
http://dx.doi.org/10.1098/rsta.1946.0002
http://dx.doi.org/10.1115/1.3450375
http://dx.doi.org/10.1016/0017-9310(89)90029-X
http://dx.doi.org/10.1016/0017-9310(89)90029-X
http://dx.doi.org/10.1080/10407799008961731
http://dx.doi.org/10.1080/10407799008961731
http://dx.doi.org/10.1080/10407790.2017.1422629
http://dx.doi.org/10.1080/10407790.2017.1422629
http://dx.doi.org/10.1007/BF02812200
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.12.057
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.12.057
http://dx.doi.org/10.1016/j.rinp.2020.103274
http://dx.doi.org/10.1016/j.rinp.2020.103274
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.10.007
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.10.007
http://dx.doi.org/10.1615/JEnhHeatTransf.v15.i2.60
http://dx.doi.org/10.1016/j.cam.2019.04.003
http://dx.doi.org/10.1016/j.cam.2019.04.003
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.02.025
http://dx.doi.org/10.1016/j.est.2019.101082
http://dx.doi.org/10.1016/j.est.2019.101082
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.11.087
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.11.087
http://dx.doi.org/10.1016/j.icheatmasstransfer.2018.08.021
http://dx.doi.org/10.1016/j.icheatmasstransfer.2018.08.021
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.05.075
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.01.013
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.01.013
http://dx.doi.org/10.1016/j.enbuild.2017.08.003
http://dx.doi.org/10.1016/j.applthermaleng.2017.06.097
http://users.cecs.anu.edu.au/~Qinghua.Qin/publications/paper%20in%20book/pap-in-books-40.pdf
http://dx.doi.org/10.1016/j.apenergy.2015.10.075
http://dx.doi.org/10.1016/j.apenergy.2015.10.075
http://dx.doi.org/10.1016/j.enconman.2016.12.053
http://dx.doi.org/10.1016/j.enconman.2016.12.053
https://doi.org/10.1016/j.apenergy.2018.10.036
http://dx.doi.org/10.1016/0017-9310(87)90317-6

	1. Introduction
	2. Melting experiment
	3. Computational model
	3.1. Mathematical formulations
	3.2. Boundary and initial conditions
	3.3. Meshing operation

	4. Results and discussion
	4.1. Validation
	4.2. Effect of natural convection
	4.3. Size-dependent natural convection

	5. Equivalent thermal conduction
	6. Conclusions 
	References

