Co-published by

Institute of Fluid-Flow Machinery
Polish Academy of Sciences
Committee on Thermodynamics and Combustion

Polish Academy of Sciences ARCHIVES

Copyright©2024 by the Authors under licence CC BY 4.0 OF THERMO DYNAM Ios

http://www.imp.gda.pl/archives-of-thermodynamics

-

Asymmetrical melting and solidification processes of phase

change material and the challenges for thermal energy
storage systems
Inge Magdalena Sutjahja®, Akhmad Yusuf?, Yunita Anggraini®, Shofi Dhiya Ulhag?,
Daniel Kurnia?, Surjamanto Wonorahardjo®
2 Physics Department, FMIPA, Institut Teknologi Bandung, JI. Ganesha No. 10, Bandung 40132, Indonesia
®Building Technology Research Group, SAPPK, Institut Teknologi Bandung, JI. Ganesha No. 10, Bandung 40132, Indonesia
*Corresponding author email: im_sutjahja@itb.ac.id

L Received: 23.12.2023; revised: 10.05.2024; accepted: 28.05.2024

Abstract

The melting and solidification processes of the organic phase change material — lauric acid exposed to air were experi-
mentally studied to investigate the heat exchange and its effect on the heat transfer behaviour inside a shell as well as its
phase-change characteristics. Lauric acid was placed in spherical shells made of polyvinyl chloride with diameters of 44,
63, and 74 mm. This study was based on analyses of the surface temperature and vertical temperature distribution data
inside the shells. We found that the phase change characteristics were strongly related to the dominant heat transfer mech-
anism. In this case, melting was dominated by convection, whereas solidification was dominated by conduction. The
convection intensity increased as the shell diameter increased. Further analysis revealed the melting and solidification
periods. In contrast to latent heat release accompanying solidification, latent heat absorption accompanied by melting does
not occur at a constant temperature, although it has a smaller temperature gradient than does sensible heat absorption.
Based on the asymmetry between the melting and solidification processes, we discuss various possible strategies by which
to control the charging and discharging of the phase change material by restraining the heat transfer rate to optimise its
performance as a latent thermal energy storage material.
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1. Introduction versa [1,2]. Organic PCMs have several attractive features such

as congruent melting, high latent heat of fusion, nontoxicity,
Organic phase-change materials (PCMs) for latent thermal en-  nonflammability, little or no volume change, extremely small or
ergy storage (TES) have emerged as suitable materials for stor-  even negligible supercooling, low cost, high thermal stability,
ing and releasing large amounts of energy at relatively constant  good chemical stability over many thermal cycles, compatibility
temperatures during the solid-to-liquid phase transition, or vice  with several types of container materials, and environmental and

human friendliness [3—7]. Among the organic PCMs, saturated
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Nomenclature

A — heat transfer area, m?

h - convective heat transfer coefficient, W/(m?K)
L —length,m

P — power density, W/m?

Q - rate of heat, W

tr  — beginning of freezing time, min

it — end of the solidification, min

tm — beginning of melting time, min

tom — end of melting time, min

Tb — temperature at half-bottom, inside the sample, °C
Tc —temperature at centre, inside the sample, °C

—t

Tt — freezing temperature, °C

Tm — melting temperature, °C

Tsb — temperature at bottom surface, °C
Tsu — temperature at upper surface, °C

fatty acids with the general formula CH3(CH2),COOH are of
particular interest because the melting temperature of a material
is proportional to the number of carbon atoms, that is the chem-
ical bond between carbon and hydrogen. Therefore, this material
can be easily selected for certain applications. Fatty acids have
been used in several fields including building components
[8-10], solar energy storage applications [6], temperature-regu-
lated drug-delivery systems [11], and biological applications
[12].

For energy storage applications in buildings, the macroen-
capsulation of organic PCMs is beneficial because of their sim-
plicity and relatively low cost [13—15]. It is implemented as ei-
ther an internal thermal mass [16,17] or a building envelope
[13,15] to reduce building energy consumption, reduce the cool-
ing load, achieve room cooling, and improve indoor thermal
comfort. Focusing on the spherical geometry, which exhibits the
highest thermal performance [18], the heat transfer rate of PCMs
in spherical cells-can be easily adjusted from the surface-area-
to-volume ratio [19]. In practical applications, the common
phase change of PCM is solid-to-liquid (melting) or vice versa
(solidification). The melting and solidification processes of
PCM involve conduction and convection heat transfers, each
with different characteristics and heat transfer rates [20]. In ad-
dition, depending on the effects of gravitation on the solid phase
of the PCM, the melting process can follow one of two possible
mechanisms: constrained or unconstrained. In constrained melt-
ing, the solid PCM is prevented from sinking to the bottom of
the sphere using a glass-enclosed thermocouple, whereas in un-
constrained melting, the solid PCM sinks to the bottom of the
sphere owing to gravity [21]. The melting rate is slower in con-
strained fusion than in unconstrained fusion [21,22].

Numerous theoretical, simulation and experimental studies
have been performed to study the melting and solidification of
PCMs in a spherical geometry, as summarised in Table 1, which
outlines the surrounding fluid as the heat transfer fluid (HTF) as
well as the output parameters from the study. In addition to the
temperature difference and surface area, the properties of the
fluid, nature of the fluid motion, and bulk fluid velocity are var-

Tu —temperature at half-upper, inside the sample, °C

Greek symbols

Atc — solidification period, min
Atm— melting period, min

& —thermal conductivity, W/(m K)

Subscripts

a —ambient
C —container
w - boundary

Abbreviations and Acronyms
LA —lauric acid

HTF — heat transfer fluid
PCM - phase change material
TES - thermal energy storage

iables that determine the convection heat transfer coefficient for
the heat exchange rate between the PCM and the environment
as well as the heat transfer rate inside the PCM. The higher the
density of the fluid and faster the fluid motion, the greater the
convective heat transfer [20]. As shown in Table 1, water is
commonly used as the fluid; however, for various applications,
PCM can be used with different types of HTF, including air
[23,24]. Because of the relatively high density, viscosity and
thermal conductivity of water compared with air, a steady state
can be achieved in a relatively short time, after which the surface
temperature of the PCM can be assumed constant. This condi-
tion allows for a comparison between the results of the experi-
mental and simulation studies, with the time evolution of the lig-
uid or solid fraction as a common comparative output parameter.
The results of the experimental and simulation studies show that
during a solid-to-liquid phase change using water at a constant
temperature or water with variable electrical power [25], the
temperature inside the PCM increases sharply around the melt-
ing point [21,26-28]. This contrasts with the liquid-to-solid
phase change that occurs at relatively constant temperature [29].
For melting and solidification with forced air convection [30],
a high transfer rate obliterates the phase change characteristics
at a constant temperature. The drastic change in the PCM tem-
perature during the phase transition raises the question of its ca-
pability as a latent TES that can absorb and release a relatively
large amount of thermal energy at a constant temperature.

In this study, the melting and solidification processes of an
organic PCM of lauric acid (LA) encapsulated in a spherical
shell exposed to a natural air environment were experimentally
studied to investigate the relationship between the dominant heat
transfer and heat transfer rate, and its implication on the phase
change characteristics for its application as latent thermal energy
storage. The use of air instead of water as the medium for the
phase change of LA allowed us to study the heat exchange pro-
cess in detail owing to the slower heat transfer rate. Based on the
asymmetry between the melting and solidification processes, we
discuss several possible methods for controlling the heat transfer
rate to optimise the performance of a PCM as a latent TES.
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Table 1. Phase change studies of PCMs contained in a spherical enclosure with environmental conditions and output parameters.

Process Method
1 c
w g LS [ . .
Author/Ref. s | & s E’ 5 &t HTF/Environment condition
K} 3=l o QS o
= g° £E &F
2] @
Tan, 2008 [21] N N Water bathp:/ri:ucrc;:stant tem-
;(zozt]harl el v N A constant wall temperature
Water bath with tant heat
Rizan etal., 2012 [25] = N oo e
Galione et al., 2015 N N N Water bath at a constant tempe-
[26] rature
Hosseinizadeh et al.,
2013 [27] v N Y Constant wall temperatures
Tan et al., 2009 [28] N N N Constant surfz:ﬁfewall tempera-
Ismail and Moraes,
2009 [29] \ v V Constant surface temperatures
Ettouney et al., (2005) N N N Air at constant temperatures and
[30] different velocities.
Toledo et al., 2022 N N N Water bath at constant tempera-
[31] tures
Assis et al., 2007 [32] \ N \ Constant wall temperatures
W bath -
Li et al., 2017 [33] N N ater bat attc:;r‘;ztant tempera
Ghosh et al., 2019
[34(])5 eta \ N Constant surface temperature
Nazzi Ehms et al.,
2018 [35] v v Constant surface temperatures
ssis et al., niform wall temperatures
Assis et al., 2009 [36] \ V Unif Il
Li et al., 2015 [37] N N N Water bath \’/)v;trf;tau::nstant tem-
Prabakaran et al., N N Constant temperature bath of
2020 [38] water

Output parameter

Melting phase front, liquid fraction, time dependent
temperature

Melt fraction

Phase front and isotherm, melt-fraction, Stefan num-
ber
Time dependent temperature, liquid fraction, tempera-
ture map

Melt fraction, melting phase front, temperature con-

tour and streamline, heat flux, time dependent tem-
perature, Nusselt number

Melt fraction, streamline, temperature contour, time
dependent temperature

Time dependent temperature, solidified mass fraction

Time dependent temperature, Nusselt number, Fourier
number

Liquid fraction, heat flow, Nusselt number
Melt fraction, heat flux

Melt fraction

Melt fraction, heat flux

Solid/liquid fraction, heat flux, streamline, temperature
line, heat flux
Melt fraction

Time dependent temperature

Time dependent temperature

2. Materials and methods

We use technical LA with a purity of > 98%. The thermophysi-
cal parameters of LA are listed in Table 2.

Table 2. Thermophysical parameters of LA from the previous experi-
mental studies (s: solid, I: liquid).

Thermophysical parameters Value Ref.
Melting temperature, °C 45 [39]
Freezing temperature, °C 41 [39]
Latent heat, ki/kg 187 [39]
Density, kg/m3 940 (s), 885 (/) [40]
Specific heat, kJ/kg °C 2.18(s), 2.39 (/) [40]
Thermal conductivity, W/m °C 0.169 (s), 0.144 (/) [39]
3.74 (55 °C)
Viscosity, kg/m's 4.565 (70 °C) [39]

6.325 (80 °C)

Figure 1 shows the experimental setup used to study the
melting and solidification of LA in air. Three spherical shells
with outer diameters of 44 mm, 63 mm, and 74 mm were filled
with LA. We used commercial spherical shells, which were
made of polyvinyl chloride with a thickness of approximately
0.5 mm. The mass of the sample inserted into the sphere was
reduced by approximately 1% of its maximum value, allowing

volume expansion during phase transition. The melting process
was performed in a cubical adiabatic bath that could be set to a
maximum temperature of 87°C, provided by four heating ele-
ments connected to a voltage controller and a step-down trans-
former for temperature setting. For homogeneous temperature
distribution, the heating elements were covered with ceramic
and glass wool and placed at the bottom of the room. The ce-
ramic acts as a thermal mass that stabilises the temperature when
the PCM shell is inserted. The maximum difference in the tem-
perature along the vertical configuration is approximately 1°C.

Thermocouple

e
Computer

L iz Data logger

MELTING SOLIDIFICATION

Fig. 1. Experimental setup for melting and solidification LA
in air environment.
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The temperature sensor consists of a T-type thermocouple
with an accuracy of 0.2% + 1°C and is part of a multichannel
data logger. Temperature data were recorded at time intervals of
5 s. For each spherical LA, three temperature sensors tied to
a stick were placed vertically inside the shell, and two tempera-
ture sensors were placed at the upper and lower parts of the outer
surface of the shell, as shown in Fig. 2. The positions of the tem-
perature sensors and their symbols are listed in Table 3.

" Igh

Fig. 2. Sensor position and symbol.

Table 3. Position of temperature sensors and its symbols.

Position Symbol
Upper surface Tsu
Half-upper, inside the sample Tu
Centre, inside the sample Tc
Half-bottom, inside the sample To
Bottom surface Tsp

For the melting process, the solid LA at room temperature
(25°C) was exposed to an 80°C environment in an adiabatic
room. However, for the solidification process, the melted LA at
80°C was cooled to room temperature in a natural air environ-
ment at 25°C. For each process, the experiment was repeated
thrice to ensure data repeatability.

3. Results and discussion

3.1. The heat absorption associated with the melting
process of lauric acid

Figure 3(i) illustrates the temperature versus time for the melting
process of LA in a spherical shell with a diameter of 44 mm for
the sensors on the upper (Ty), centre (T¢), and bottom (Tp) of the
shell, along with the surface temperature data for Tsy and Tsp. In
addition to the LA temperature, the temperature data of T, were
influenced by the opening at the top of the shell. Hence, the
small opening acts as a medium for convection in air. Further-
more, both surface temperatures were affected by the outside air
temperature and the LA temperature inside the shell.

Starting from a room temperature of approximately 25°C,
the melting process of LA involves the absorption of sensible
heat in the solid phase with a significant temperature change up

to the melting temperature (Tr), followed by latent heat absorp-
tion from the solid-to-liquid phase change process at T and sub-
sequent sensible heat absorption in the liquid phase. Heat ab-
sorption in the sensible and latent phases is indicated by temper-
ature changes, although the solid-to-liquid phase transition oc-
curs with a smaller temperature gradient than that in the sensible
phase. Latent heat absorption at a relatively constant tempera-
ture occurred only for the sensor at the bottom (Ty). This result
is in agreement with those of previous experimental studies on
the melting of PCM using a water bath with a relatively small
temperature gradient [37,38].

The dominance of the convection heat transfer mode during
the melting process was indicated by the different temperature
profiles inside and on the surface of the shell. Because of air
convection outside the shell, Ts, was always higher than Tsp, ex-
cept at the beginning and end of the process, when equilibrium
occurred. The skin of the shell provided thermal resistance be-
tween the outside air and the PCM inside the shell such that T,
was lower than Ts, and Ty, was lower than Tg,. The temperature
differences (Tsu—Tc) and (Tsp—Tc) (Fig. 3(ii)) are proportional to
the heat exchanged between the PCM and the environment. An-
isotropic heat exchange characteristics were observed for the up-
per and lower surfaces of the shell; however, they decreased as
they approached thermal equilibrium. A large heat exchange oc-
curred during the solid-to-liquid phase transition (see Section
3.3 for the analysis, as indicated by the dotted and dashed lines
in Figs. 3(i) and 3(ii)). Concerning the melting mechanism, con-
strained melting occurs from the beginning up to a certain time,
depending on the shell diameter, as indicated by Tp < Ts. AS
time increases, the solid part of the LA collapses; therefore, Ty
> Ts, and constrained melting was replaced by unconstrained
melting. For various shell diameters, a transition from con-
strained to unconstrained melting occurred at approximately 70
min for 44 mm, 108 min for 63 mm, and 130 min for 74 mm, as
indicated by the valley in (Tsp—Tc) in Fig. 3(ii).

To study the heat transfer inside the shell during melting,
Fig. 4 shows the temperature distribution along the vertical di-
rection at certain times. From this heat absorption profile, we
observed that inside the PCM shell, the melting process started
from the upper part to the bottom, such that T, > T¢ > T, for all
measurements. This result suggests that the phase transition pro-
cess at the upper part is the fastest, followed by that at the centre
and bottom parts of the shell, because of the sinking of the solid
phase to the bottom owing to its higher density. From the heat
conduction mode in the solid phase, heat transfer was converted
into heat convection, as signified by the asymmetric temperature
profiles inside the shell and the large temperature difference or
gap in the temperature distribution. The convection at the upper
part of the shell was stronger than that at the centre and bottom.

From the beginning (left panel of Fig. 4) to the end of the
melting process (right panel of Fig. 4), the temperature distribu-
tion shown in Fig. 4 clearly indicated a larger convection with
increasing shell diameter. This was also clarified by the differ-
ence between T, and T, with respect to dimensionless time,
which was defined as the absolute time divided by the shell radii,
as shown in Fig. 5. As the shell diameter increases, the (Ty—Tb)
values increase, implying a higher convection intensity [30]. In
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addition, for each shell, the temperature difference of (T,~Tp)  the melting time and a larger peak before the end of the melting
showed double peaks, with a smaller peak after the beginning of  time (see Section 3.3 for the analysis of the melting period).
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Fig. 3. Experimental data of the melting of LA in a spherical shell with outer diameters of (a) 44 mm, (b) 63 mm, and (c) 74 mm.
Left (i): temperature data inside the sample (T,, T, and Ty), surface temperature data (Ts, and Tsp), and bath temperature (Tparm)-
Vertical dotted lines denote the phase transition region for each sensor inside the shell.

Right (ii): the temperature differences of (Ts,—Tc) and (Ts,—Tc) with vertical dashed lines denote the melting period.
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Fig. 4. Temperature distribution along the vertical direction at certain times (in minute) during melting of LA in a spherical shell

with diameters of (a) 44 mm, (b) 63 mm, and (c) 74 mm (the arrow indicates the process direction).
Middle column: overall time range, left column: beginning of process, right column: near end process.

140



Asymmetrical melting and solidification processes of PCM and the challenges for TES systems

3.2. The heat release associated with the solidification

35
30 process of lauric acid
25_§ From the time-dependent temperature during the solidification
- 20 st process (Fig. 6(i)), we observed that starting from a high tem-
= | d=63mm perature of approximately 80°C, the solidification process of LA
7‘: 1541 —d=74mm involved the release of sensible heat in the liquid phase with
= m_§ a significant temperature change up to the freezing temperature
‘ At (Tr), followed by latent heat release from the liquid-to-solid
* At M phase change process at Tr and the subsequent sensible heat re-
ol r ; — . ; lease in the solid phase. No significant differences were ob-
] 10 20 30 40 50

served in the temperature data at the centre and bottom of the
sample. Furthermore, the liquid-to-solid phase transition oc-
curred at a relatively constant temperature of 43°C, and no su-
percooling was observed in the freezing curve.

t/(d/2) (min/mm)

Fig. 5. Effect of shell size on convection. Vertical and horizontal
lines indicate the phase transition region for each shell size.
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Fig. 6. Time-dependent temperature data during the solidification of LA in a spherical shell with outer diameters of (a) 44 mm, (b) 63 mm, and
(c) 74 mm. Left (i): temperature data inside the sample (T, T, and T), surface temperature data (Ts, and Tsp), and bath temperature (Tyatn)-

Vertical dotted lines denote the phase transition region for each sensor inside the shell. Right (ii): the temperature differences of (Tsy—Tc)
and (Tsp—Tc) with vertical dashed lines denote the solidification period.

Compared with melting, the isotropic heat exchange over the

surface of the shell is shown in Fig. 6 (ii) which shows a simi-

larity in the temperature differences of (Tsu—Tc) and (Tsp—Tc).

The temperature distributions at certain times during solidi-

fication are shown in Fig. 7. Initially, the temperature distribu-
tion inside the shell was relatively homogenous, and the surface
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temperature was lower than that inside the shell owing to the
influence of the environment. With increasing time, the temper-
ature distribution inside the shell became inhomogeneous, and a
gap in the temperature distribution was observed. Because of
convection, T. was always higher than T, and T, was higher than
Tb. The gap in the temperature distribution diminished after a
certain time, that is approximately 30, 40 and 60 minutes for
shell diameters of 44, 63 and 74 mm, respectively. Hence, the
heat transfer mechanism may change from convection to con-
duction following the phase change process.
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Fig. 7. Temperature distribution along the vertical direction at certain
times (in minute) during the solidification of LA in a spherical shell
with diameters of (a) 44 mm, (b) 63 mm, and (c) 74 mm.

3.3. Controlling the heat transfer rate of PCM

During the charging and discharging processes of PCM, heat ex-
change between PCM and its environment occurs at the surface

layer of the shell, and is dominated by conduction and convec-
tion. The rate of heat conduction through a wall is expressed us-
ing Fourier’s equation [20] and is proportional to the tempera-
ture difference across the wall (AT) and the heat transfer area
(A) but is inversely proportional to the wall thickness (L)

. AT
Qconduction = —kcA 7 1)

where &, is the thermal conductivity of the container material
and is a measure of its ability to conduct heat. Despite the com-
plexity of convection, the rate of convection heat transfer is pro-
portional to the temperature difference, and is conveniently ex-
pressed by Newton’s law of cooling as follows [20]:

Qconvection = hA (Tw - TPCM)! (2)

where h is the convective heat transfer coefficient, A is the sur-
face area through which the convective heat transfer occurs, Ty
is the boundary temperature, and Tecm is the temperature of the
PCM. We note that h is not a property of the material, as the
thermal conductivity is, because it is dependent on several ex-
ternal factors, such as the properties of the fluid, pressure, and
fluid velocity.

The melting and solidification processes of PCM-based TES
systems are highly complex and involve conduction and natural
convection heat transfer mechanisms with different dominant
mechanisms. The power density of the PCM as a TES system
can be calculated as:

dar
P = xpem Fi h(Tpcm — Ta), 3)

where xpcym IS the thermal conductivity of PCM and T is the
ambient temperature.

Focusing on constrained melting, the description of the melt-
ing mechanism begins with PCM initially in the solid phase with
conductive heat transfer. As time increased at the beginning of
the melting process, the liquid phase started to form when the
solid—liquid interface was parallel to the heating boundary. In
this case, the heat transfer process was still dominated by heat
conduction [38,41], and the liquid formation of PCM was rela-
tively constant because of the direct contact between the inner
wall and solid PCM [27,41]. As melting progressed, the layer of
liquid PCM increased, particularly at the upper part of the shell
[27,37-38,41]; thus, the heat conduction was significantly re-
duced. Hence, a transition stage from dominant heat conduction
to heat convection occurred [38], and the shape of the solid-lig-
uid interface was no longer parallel to the heating boundary. In-
stead, it had an irregular curve shape with a position slightly
lower than the centre of the shell owing to the higher density of
the solid phase [21,41]. This irregularly shaped phase front was
caused by natural convection when the liquid layer thickness in-
creased. In this case, natural convection occurred because the
warm liquid PCM rose along the hot wall, whereas the cooler
liquid in the centre flowed down to replace the warmer fluid.
This phenomenon creates unstable fluid circulation inside the
shell, known as ‘buoyancy-driven convection’ [21,42]. With an
increase in the amount of liquid phase, the size of the solid phase
decreased before finally reaching a fully melted state.
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In the solidification process, the initial condition was a mel-
ted PCM with dominant convective heat transfer. As time in-
creased, the temperature of the liquid layer adjacent to the inner
wall decreased, and solidification propagated slowly towards the
centre of the sphere concentrically, with the solid—liquid inter-
face being relatively parallel to the cool boundary [37,43]. As
cooling progressed, the temperature and liquid fraction de-
creased rapidly, and the buoyancy-driven convection moved the
cooler liquid downward owing to its higher density. Under these
conditions, the solid-liquid interface was relatively spherically
symmetric, with the solid phase being thicker at the bottom of
the shell, and a transition from the dominant heat convection
stage to the heat conduction transition stage occurred [30,35].
As time increased, the amount of cold-liquid PCM decreased
before the PCM reached its full solid state. However, at the end
of solidification, the front phase is relatively irregular owing to
the formation of voids caused by the shrinkage of the solid PCM
[43]. The number, size and distribution of voids are influenced
by the initial temperature and liquid viscosity of the PCM, in
addition to the ratio of the surface area relative to the volume of
the sphere (A/V), because a larger surface area provides a faster
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cooling rate and makes it easier to trap voids [44].

Following the T-history method [45,46], we considered the
time derivative of the PCM temperature to determine the melt-
ing and solidification periods. The resulting dT/dt-t graph plot-
ted along the T—t graph is shown in the upper part of Fig. 8. For
melting (left), each of the three temperature sensors exhibits two
peaks (tmand ty,m) on the derivative curve corresponding to the
beginning and end of melting. The melting period Aty was de-
termined as the difference between t,, from T, data and tym from
Ty data. In contrast, for solidification (right), the three tempera-
ture sensors showed a constant value of zero in the temperature
derivative curve at almost the same time (ts) owing to the latent
heat release, and an inflection point (tif) in the dT /dt — t curve
marked the end of the solidification process [47,48]. The solidi-
fication period Atc is defined as the difference between ti
and t;, with ti; obtained from T, data. The results (bottom part of
Fig. 8) show that the melting and solidification periods in-
creased with increasing shell size because of the larger amount
of stored heat, which agrees with the results of previous studies
[33,49-51].
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Fig. 8. Time-dependent temperature data of T, T, and Ty and their time derivatives to determine the melting (left) and solidification (right) periods; and
bottom: the melting/solidification periods of LA in a spherical shell with various diameters. For each shell size, we show the data from three
repetitive measurements with means and standard deviations.
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An asymmetry exists between the behaviours of the melting
and solidification processes. In other words, melting and solidi-
fication do not simply reverse the process direction. The melting
process was dominated by natural convection [27,37,38],
whereas the solidification process was dominated by heat con-
duction [30,37,50]. As shown in bottom of Fig. 8, shorter melt-
ing period associated with heat absorption than the solidification
period associated with the heat release agrees with the prediction
that convection is considerably more efficient than conduction
for heat transfer [20]. With convective dominance, the heat
transfer rate of the melting process is highly sensitive to the
properties of the surrounding fluid, nature of the fluid motion,
and bulk fluid velocity.

The optimal performance of PCM for diurnal applications
requires a balance between the charging and discharging peri-
ods. This can be achieved, for example, by using different heat
transfer fluids as media during melting and solidification. From
a geometric perspective, for the spherical geometry of the PCM,
by decreasing the diameter of the sphere, the A/V ratio can be
increased to enhance the heat transfer [27]. Additionally, various
active and passive methods can be used to control the heat trans-
fer rate of PCM [52,53]. Passive methods involve using addi-
tives or surface modification techniques to increase the thermal
conductivity of PCM or composite PCM. This method is typi-
cally performed by adding dopant particles with high thermal
conductivity to the PCM [54,55], inserting a metal matrix into
the PCM [56], extending the surface using finned tubes with var-
ious geometries [57], using porous materials [58], or microen-
capsulating the PCM [59]. The active method relies on an exter-
nal field, such as mechanical disturbances, vibrations, ultra-
sound, electric fields, or magnetic fields [60]. The effectiveness
of ultrasound in enhancing heat transfer is closely related to the
ultrasonic power and action time [61]. In the case of an electric
field, electric body forces, including the Coulomb forces pro-
duced by an external electric field, induce flow [62], bubble gen-
eration [63,64], or complex compounds [63,65—67] that enhance
heat transfer. In contrast, the effect of a magnetic field or its
combination with magnetic dopant particles [68—70] controls
the convective heat transfer from the PCM and modifies the
shape of the solid-liquid interface [71]. The effectiveness of
electric and magnetic fields is closely related to the polarisabil-
ity and magnetisation of the material and its effect on the change
in the Gibbs free energy [72,73]. We note that apart from differ-
ent heat transfer mechanisms, from a thermodynamic point of
view, melting is related to an increase in the entropy of the sys-
tem, whereas solidification is related to a decrease in entropy.
These two processes are irreversible to each other [74]. Finally,
the asymmetry between melting and solidification may be intri-
cately related to the asymmetry between heating and cooling, as
has been recently studied in the thermal kinematics of micro-
scopic systems [75].

4. Conclusions

In this paper, we present the results of an experimental study on
the heat exchange of the organic phase change material (PCM)
of lauric acid in a spherical shell in an air environment as well
as its implications for the heat transfer mode inside the shell and

phase change characteristics. From the time-dependent temper-
ature data inside and on the surface of the shell, we found that
melting was dominated by convection, whereas solidification
was dominated by conduction. The convection intensity in-
creases with increasing shell size. Hence, the melting process
depends on the properties of the surrounding fluid, nature of the
fluid motion, and bulk fluid velocity. Owing to the relatively
high convection transfer rate, latent heat absorption following
a solid-to-liquid phase change does not occur at a constant tem-
perature. The sensor at the bottom half of the shell showed
a smaller temperature gradient in the latent phase than in the
solid and liquid sensible phases. This differs from the solidifica-
tion process, in which a latent heat release accompanied by a lig-
uid-to-solid phase transition occurs at a relatively constant tem-
perature. In addition, for a given shell size, the melting period
was shorter than the solidification period.

Because of the asymmetry between the melting and solidifi-
cation processes, controlling the heat transfer rate is important
for achieving a balance between charging and discharging to op-
timise the performance of PCM for diurnal applications. From
a geometric point of view, this can be achieved by choosing
a certain shell diameter, considering that the A/V ratio increases
with a decreasing shell diameter, which enhances the heat trans-
fer. From the heat transfer medium, a fluid with a higher density,
such as water, is suitable for solidification while melting in an
air environment because of its longer solidification time. In ad-
dition, we discuss active and passive methods for controlling
heat transfer in PCM. Passive methods rely on the use of dopant
particles, metal matrices, and surface modifications, whereas ac-
tive methods require additional external energy, such as me-
chanical energy, electrical or magnetic field energy. However,
because of the different dominant heat transfer mechanisms for
melting and solidification, different strategies may be applied to
the two processes. Controlling heat transfer in the charging and
discharging processes of PCM is highly beneficial for future
PCM technologies, although it is challenging for practical appli-
cations.
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