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A B S T R A C T

To date, numerous phase change materials (PCM) have been developed for application in latent heat storage
systems. There are many issues in the process from the development of PCM to using them in storage systems,
which should be resolved. The problem of heat transfer in PCMs during the phase change process is the most
important one. Latent heat storage containers usually have simple geometrical forms such as a sphere, cylinder,
cylindrical annulus, rectangular enclosure, etc. A large number of papers were published on melting and soli-
dification processes in PCMs. Therefore, there is a pressing necessity for generalizing the art of the state in this
field and establish how accumulated knowledge meets practical requirements. The present review considers the
current state in investigations of heat transfer in a spherical shell. Heat transfer in PCMs during constrained
melting (solid PCM fixed inside the vessel), unconstrained (unfixed) melting and solidification, and phase change
in finned shells are analyzed. It is shown that currently, there is no satisfactory description of the constrained
melting process. For unconstrained melting and solidification, some correlations are suggested, describing these
processes. The applicability range of the proposed correlations, as well as their accuracy were investigated and
established. To intensify the process of phase change inside the spherical container, the use of orthogonal fins is
appropriate option compared to the employ of circumferential fins.

1. Introduction

Currently, latent heat storage systems (LHSS) with the use of phase
change materials (PCMs), are at the focus of numerous research pro-
jects. The developments in the latent heat storage technology, using
PCMs, have been reported in [1–6]. In comparison with traditional
sensible heat storage systems, latent heat TESs have significantly higher
specific energy capacity per mass or volume. Moreover, the charging
and discharging processes in LHSS take place in the narrow temperature
range, close to the melting temperature of PCMs. It should be noted that
most prospective PCMs have low thermal conductivity, and this re-
stricts the speed of charging and discharging processes. Every LHSS
contains at least the following three components. First, it has a suitable
PCM with the desired melting/solidification temperature range.
Second, the suitable container should be used for housing PCM. Third, a
suitable heat exchanger is required for transferring the heat effectively
from a heat transfer fluid (HTF) to the PCM and vice versa. There is the
large number of phase change materials, which produced by the leading
companies [7–14]. For encapsulating the PCMs, such materials as
plastics, aluminum, copper, stainless steel are used. Presently, the most
studied geometrical configurations of containers for housing PCMs are

spheres, cylindrical tubes, annulus, rectangular plates, and pouches
[15, 16].

A typical LHSS serves as a buffer between energy sources and a
consumer, and it transfers thermal energy at certain rates at times when
the consumer requires it. Usually, during such energy discharging
periods, there is no direct supply of the heat from a source. For meeting
consumer's heat demand, the storage system should also provide the
required rate of heat transfer between the PCM and HTF during the
charging and discharging process. In General, during heat transfer
process between HTFs and PCMs there are at least the following two
problems. The first one is related to enhancing heat transfer from the
body of PCM to surfaces, which separate PCMs from HTFs. This pro-
blem is solved by deploying many suitable types of heat exchangers.
The second problem is the heat transfer inside the envelope containing
the PCMs.

The results of experimental, analytical, and numerical studies of
phase-change heat transfer performed up to 2000 have been discussed
in [17–21]. The investigations results presented in these reviews had
mainly the academic character. In one way or another, the practical
aspects of phase change heat transfer were considered in review papers
[3–5, 22–25]. As it is known that the heat transfer in PCM containers
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can be enhanced with fins, heat pipes, metal honeycombs, metal ma-
trices (wire mesh), rings, high conductivity particles, metal fibers or
graphite, etc. and relevant publications were considered in [25–26].

From the reviews mentioned above follows that there is still several
practical issues, for which the developers of LHSSs do not have re-
commendations, and these include heat transfer issues in PCMs. It can
be explained by existence of a significant diversity of studied objects
and their geometries. On another hand, there are many publications,
results of which cannot be used on a larger scale due to particularities of
studied individual cases. Currently, active LHSSs are become increas-
ingly attractive for researchers and developers. For such systems, the
LHSS with certain dynamic characteristics should be deployed. The
improved dynamic performances may be only achieved by the sub-
stantial increase in the heat transfer surface and enhancing the thermal
conductivity of the PCM. In previously cited review papers, problems of
heat transfer in PCMs and enhancing their thermal conductivity were
discussed. For analysis of heat transfer problems in PCMs contained in a
storage unit with complex geometry, it is required firstly to apply ex-
isting advanced knowledge on examining similar processes in con-
tainers with simple forms and without any additional inclusions.

The rapid development of research in the field of latent heat storage
stimulated the development of various TES designs for particular ap-
plications. Following recent studies [27–35], the spherical capsules
with PCM, are very perspective in the packed bed TES devices for solar
heating and cooling systems. For instance, Cristopia Energy Systems
[36] builds packed bed latent thermal energy storage systems for air
conditioning of big buildings around the world. As known, some
practical success achieved in using the spherical encapsulation of PCMs.
Despite of many publications, there is no general approach developed
for the solution during melting and solidification heat transfer inside
spherical shells. The present paper critically considers analytical, nu-
merical, and experimental studies of heat transfer during the phase
change of PCMs inside such spherical containers.

The primary purpose of the present review is the detailed analysis of
the state of investigations and developments in the field of the phase
change heat transfer in latent heat storage materials encapsulated into
spherical enclosures. The applicability of results of considering studies

for engineering methods of calculation of TES performances (energy
stored or released) depending on the size of a spherical capsule, initial
and operational conditions, a PCM material, and other factors is in the
focus of the present analysis.

Among investigations performed in last two decades, there are very
interesting experimental and numerical works. Thus, the effect of
Stefan, Bio, Prandtl numbers, as well as other factors on intensity of
melting and solidification processes have been observed. Unfortunately,
the qualitative results obtained in such studies [37–43, etc.] repeat the
facts, which were obtained by previous researchers. Therefore, we be-
lieve that it is necessary to give the basic theory of PCM melting and
solidification processes and to note the great researchers who made a
significant contribution in this field.

2. Basic theory of PCM melting and solidification processes

Before the analysis of issues in achieving the large heat transfer
surfaces between PCM and HTF, it is necessary to clearly understand
the physical processes of heat supply and removal during PCM melting
and solidification processes. To achieve such a goal, all major factors,
which affect the dynamics of these processes, should be considered.
There is a large number of applications in which a material undergoes a
phase change, e.g. melting and freezing (solidification). Heat conduc-
tion in these processes is accompanied by a moving interface, separ-
ating two phases. Such a problem is called "moving boundary problem"
or Stefan's problem. The formulation of the problem and its solution can
be found in [44]. Stefan considered a simplified model with the fol-
lowing assumptions: (1) one-dimensional conduction, (2) constant
properties of the liquid and solid phases, (3) no changes in the fusion
temperature and (4) quasi-steady state with the Stefan number less than
0.1. Solidification of the matter in a one-dimensional liquid region
shown in Fig. 1. Initially, the liquid is at the melting temperature Tf.
Then the surface at x = 0 suddenly assumes the temperature To < Tf,
while the opposite surface of the slab at distance L (thickness of the
slab) is maintained at Tf. The time required for complete solidification
is found in [44] as

Nomenclature

Ar Archimedes number gD(( ) / )s l s
3 2

Bi Biot number (Lh/k)
cp Specific heat (kJ/kg•K)
fm Molten PCM mass fraction
Fo Fourier number (k/ρ cp) t/R2)
fs Solid PCM mass fraction
g gravity vector (m/s2)
GrR Grashof number (gβ(Tpcm-Tm) Ri3ρ2/μ2)
MF Molten fraction
H fin height (m)
Hm heat of fusion (kJ/kg)
HTF Heat transfer fluid
k thermal conductivity (W/mK)
keff effective thermal conductivity (W/mK)
Nc conduction-to-radiation parameter [k T T r/ ( ) ]w m o
P Pressure (N/m2)
Pr Prandtl number of the fluid (μ cp/k)
r radius (m)
r* dimentionless radius (r/Ri)
RaR Rayleigh number (g T T R( ) / )s cf

3

rf radius of the solid-liquid interface (m)
Ri inner radius of the spherical shell (m)
s shift of reference point fixed in solid core (m)
Ste Stefan number (cp (Tpcm-Tm)/Hm)

t time (s)
T temperature ( °C)
Tw wall temperature ( °C)
T∞ temperature of entering HTF ( °C)
U dimensionless temperature ( =U T T T/( )m

Greek symbols

β thermal expansion coefficient (1/K) or 1/Bi
θ Dimensionless temperature
μ dynamic viscosity (kg/m s)
ξ Dimensionless position of solid-liquid interface
ρl Liquid density (kg/m3)
ρs Solid density (kg/m3)
σ Stefan-Boltzmann coefficient (W/(m2K4)
τ Dimensionless time
τf Dimensionless time of complete freezing
τm Dimensionless time of complete melting

Subscripts

eff Effective value
f freezing
l Liquid
m Molten
s Solid
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where ρs is the density of solid phase, ks is the thermal conductivity, Hm

is the heat of fusion. From this formula, it follows that the solidification
time depends linearly on the volumetric heat of fusion (ρHm) of the PCM
and squared value of the layer's thickness. The solidification time also
inversely depends on the thermal conductivity and the difference be-
tween the PCM's freezing temperature and HTF's temperature.

Due to the constancy of melting heat, the solidification time criti-
cally depends on such the physical property as thermal conductivity,
the design parameter (the thickness of PCM layer), and the operational
parameter as (Tf − To). These highlighted crucially important factors
should be the subject of optimization in any LHSS. For low-temperature
solar heating systems combined with the latent heat storage system, it
critically important to provide the optimal differences between the HTF
temperature and the PCM temperature (Tf−To) during the charge and
discharge of the LHSS. Due to the significant variation of HTF tem-
perature in solar collectors, the HTF maximum temperature at charging
process is restricted by the efficiency of the solar collector. On the other
hand, the HTF temperature at discharge process is restricted by the
minimum permissible temperature of the HTF.

During the melting process, heat transfer is as a result of the com-
bination of thermal conduction and natural convection mechanisms.
Research groups headed by Profs E. M. Sparrow and R. Viskanta at
Minnesota and Purdue Universities respectively made a significant
contribution to understanding the processes of melting and solidifica-
tion. Thus, Viskanta [17] has made the fundamental review of works
performed before 1983. Unfortunately, this review book was published

in small numbers and therefore was not widely accessible to the re-
search community. The book of G.A. Lane is recently reprinted. Other
comprehensive reviews such as [18–21] also remained mostly unknown
to researchers in the field. On the other hand, over the last 20 years, a
great number of research studies were published in which it was con-
cluded that the natural convection had a dominant role in the melting
process. Interestingly, this dominant role of natural convection in
melting processes was already established in classical works of Sparrow
et al. [45] and Hale and Viskanta [46], which were published about 40
years ago.

3. Heat transfer during melting of PCM inside a spherical
enclosure

3.1. Constrained melting

Khodadadi and Zhang [47] were the first to perform the computa-
tional and experimental study of buoyancy-driven convection on the
constrained melting within a spherical enclosure. The physical model
considers a spherical container of radius R, which houses a solid PCM
(silicon) at temperature Ti lower then Tm. The phase change material is
initially subcooled. For time t > 0, a constant temperature (To), which
is greater than the melting temperature, was imposed on the surface of
the sphere, i.e., To > Tm. To validate the computational findings, a set
of melting experiments were conducted. Paraffin wax was used as the
PCM with the melting point of 62–64 °C and Prandtl number of about
57. Spherical bulbs with outside diameters of 51.5, 78.1, 94.0 and
123 mm were used in experiments. The PCM with a starting tempera-
ture of 60 °C was placed into the water bath with a temperature of
73 °C. The process of paraffin wax melting was photographed, and these
are presented in Fig. 2. The parameter t* in this figure is the di-
mensionless time (Fo•Ste). For instance, the actual time needed to melt
the PCM to the state, shown at the dimensionless time t* = =0.0293,
corresponds to 134 min. Analysis of taken photographs demonstrated
that the dominant role of buoyancy-driven convection occurs starting at
t* = =0.0164. The numerical study and visual observations of the
constrained melting carried out in [45] were summarized by authors as
follows:

• The conduction mode of heat transfer is dominant at the early stages
of melting;
• Melting process is much faster at the top region of sphere, compared
to its bottom part;
• The Rayleigh number determines the magnitude of natural con-
vection effect in the melting process to a greater extent than the
Stefan number;
• The Prandtl number also has a significant effect on the melting
process;
• The observed intensive melting process at the top region of the

Fig. 1. Solidification of one-dimensional slab at the fusion temperature [44].

Fig. 2. Instantaneous photographs of melting of wax inside a spherical bulb [47].
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sphere is caused by natural convection, which determined by the
buoyancy forces (the difference between densities of PCM in solid
and liquid phases).

Tan [48] carried out the experimental study of constrained and
unconstrained melting of PCM inside a spherical enclosure. N-octade-
cane was used as the PCM for investigations. The spherical flask with a
diameter of 101.66 mm and a volume of 550 cm3 was filled with the
molten PCM. For constrained melting, three experiments were per-
formed at three different initial sub-cooling levels of 1, 10, and 20 °C for
a constant temperature of 40 °C at the surface of the sphere. The typical
experimental results for the constrained melting are presented in Fig. 3.
In experiments with the initial sub-cooling level of −10 °C, it was ob-
served that the natural convection starts to play a dominant role in the
heat transfer process after 30 min from the beginning of the experi-
ment. This period corresponds to t* ≈ 0.046 (our estimation), which is
significantly higher than 0.0164, obtained in [47]. The contours of
melting process shown in photographs in [47] and [48], also sig-
nificantly differ. It is worth noting that under the same experimental
conditions, the unconstrained melting inside the sphere occurs at a
faster rate than during constrained melting. Thus, the time required for
constrained melting was 130 min, whereas only 80 min were required
for the unconstrained melting. During the constrained melting, heat
conduction plays a role only at the beginning of melting process. This
effect causes the PCM to melt inwards in almost concentric manner. An
oval shape-melting pattern is formed at the top half of the solid PCM
but the profile at the bottom remains relatively unchanged. The oval
shape phase front is caused by the natural convection when the liquid
layer increases. Natural convection occurs because of the warm liquid
PCM rises along the hot wall while the cooler liquid in the center flows
down to replace the warmer fluid. This creates an unstable fluid cir-
culation inside the sphere, known as buoyancy-driven convection. The
top part of PCM melts at a faster rate than its bottom half. Natural
convection also occurs at the bottom half of the vessel, thus resulting in
the wavy profile of the bottom part of PCM.

Tan with colleagues [49] conducted a comparative study of ex-
perimental results, presented in [46], and numerical simulations on the
constrained melting of PCM. Fig. 4 shows the instantaneous values of
the liquid fraction within the spherical capsule found numerically and
experimentally. It can be seen, that the computational technique pre-
dicts a faster rate of constrained melting. Experimental data was ob-
tained using the digitalization of the photographs with the solid-liquid
interface (similar to those in Fig. 3). Three-dimensional melting effects,
which were not accounted for in the modeling, cause the observed
differences in sets of results.

Khot et al. [50] carried out an experimental investigation of con-
strained and unconstrained melting of paraffin wax inside a spherical
capsule. In the study, the sample of paraffin wax was used with the
melting point of 59.8 °C and the heat of fusion of 190 J/g. The bor-
osilicate glass spherical capsules with a diameter of 85 mm was used for

melting process observation. Preliminarily, capsules were maintained at
a constant initial temperature of 27 °C. When the water reached the
required temperature, the capsules were placed into the test water tank,
and the melting process was started. A digital camera captured the
process of melting by taking photos with 10 min intervals. The tests
were conducted for four HTF temperatures of 62, 70, 75 and 80 °C for
both constrained and unconstrained melting of the PCM inside the
capsule. Fig. 5 presents the instantaneous photographs of wax melting
during one of the experiments. The effect of Stefan number on forming
molten fraction during the constrained melting was studied. At the
Stefan number of 0.227, paraffin wax completely melted within 55 min
compared to 60, 80, and 115 min for Stefan numbers equal to 0.171,
0.114, and 0.024, respectively. The higher Stefan number (i.e. higher
ΔT) results in, the shorter time, required for complete melting in both
constrained and unconstrained modes of melting. It is easy to note that
the contours of the solid-liquid interface observed in [45] differ from
those presented in [46].

In 2015, Galione et al. [51] presented the results of the fixed-grid
numerical modeling of melting of n-octadecane inside a spherical
capsule. A comparison of predicted values with data of Tan et al. in [49]
demonstrated that only three-dimensional simulations provide a close
approximation to the experiment, see Fig. 6.

Li et al. [52] reported results of another numerical study on the
constrained melting of PCM inside a spherical capsule. For validation of
the mathematical model, the experimental observation of the con-
strained melting of paraffin wax inside the spherical glass flask was

Fig. 3. Constrained melting phase fronts at 40 °C with the initial sub-cooling of 10 °C [48].

Fig. 4. Computational and experimental variation of the liquid fraction as a
function of time [49].
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conducted, see Fig. 7. The paraffin melts in the range of 45.8 and
50.3 °C and has a latent heat of 129 kJ/kg. Its specific heat capacity in
solid/liquid state is 2/1.5 kJ/kgK, thermal conductivity in solid/liquid
state is 0.27/0.15 W/mK and density in solid/liquid state is 916/
776 kg/m3. For solving the governing equations, the SIMPLE method

within Fluent software was used. The effects of the sphere radius (4, 5,
and 6 cm), the PCM thermal conduction coefficient (0.2, 2, and 5 W/
mK), the spherical shell material (aluminium, steel, plastic) and the
external (bath) temperature (50, 55, 60 °C) on the molten fraction of
PCM inside a sphere were investigated. Based on the results presented,

Fig. 5. Constrained melting phase front at 70 °C [50].

Fig. 6. Comparison of the experimental photographs of Tan et al. [49] and numerical results for the case C, using variable properties, with 2D and 3D meshes. Liquid
fraction map (dark - liquid; light - solid) is shown for the numerical results [51].
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the following conclusions were made:

• With the same initial temperature and bath temperature, the smaller
the sphere is, the faster the PCM melts. To intensify charging and
discharging process in a LTSS, small diameter spheres are preferred;
• The bath temperature has a great effect on the melting of PCM inside
a sphere. The PCM melts faster in spheres with the same radius if the
bath temperature is increased;
• The higher thermal conductivity of PCM results in faster melting
process;
• The metal shells with high thermal conductivity are preferred for
accelerating the melting process if conditions are non-corrosive; the
plastic shells can be used for corrosive conditions.

In fact, the above general conclusions could be drawn without
particular experiments and numerical simulations. Despite conducting
comprehensive numerical simulations, no empirical dimensionless
correlations were proposed.

Sattari et al. [53] performed the CFD simulation of the constrained
melting process of n-octadecane inside the spherical container with the
same geometrical parameters as in [49]. The variation of the solid-li-
quid interface with time is shown in Fig. 8. The comparison of these
computational results with experimental data of Tan et al. in [49] is
presented for the same period in Fig. 6, which shows that the mathe-
matical model used by Sattari et al. [53] describes the melting process
less accurately than the model developed by Galione et al. [51]. In the
study, no correlations were proposed for engineering evaluations

Soni et al. [54] performed a numerical investigation of constrained
melting for identifying the reasons in the discrepancy between nu-
merical predictions and experimental results. The study considered
three cases. Case 1 analyzed a sphere with a diameter of 101.66 mm
without thermocouple tube placed in the shell. Case 2 reproduced ex-
perimental conditions in tests by Tan et al. [47], while Case 3

considered differences in thermal conductivity of the liquid and solid
PCM. The computational results for variation of the solid-liquid inter-
face with time and experimentally measured results [47] are presented
in Fig. 9. Despite some differences in geometrical forms of experimental
and computational interface, the predicted liquid fractions are in very
good agreement with experimental data (see Fig. 10). The main con-
clusion from the numerical simulations was that Case 3, which con-
siders different solid and liquid phase properties, produced the most
accurate predictions. However, the developed model was not used for
derivation of the dimensionless correlation for calculation of variations
in the liquid fraction.

Prabakaran et al. [42] studied experimentally the constrained
melting behaviour of OM 08 PCM (Pluss Advanced Technology, India)
modified with graphene nanoplatelets (GnP). The PCM is based on fatty
acids composition with melting temperature of 8 °C. The volume per-
centage of the GnPs varied from 0.1 to 0.5%. The thermal conductivity
and viscosity of all tested samples were preliminarily measured. The
experiments were carried out using the spherical aluminum flask with
an inner diameter of 80 mm and a thickness of 1.6 mm. Five resistance
temperature sensors fixed the temperature distribution within PCM.
The measurements showed that the addition of 0.5 vol.% of GnP in-
creases the thermal conductivity of the PCM nanocomposite from 0.228
to 0.444 W/mK, as well as rises the melting rate significantly. Experi-
ments demonstrated that the conduction heat transfer dominates at the
initial stage of melting, whereas the natural convection heat transfer
prevails at the more late stage. Melting of the PCM in the upper part of
the spherical shell is faster than that in the bottom part due to the
natural convection currents.

3.2. Unconstrained melting

Moore and Bayazioglu [55] studied the heat transfer for un-
constrained melting inside a spherical capsule computationally and
experimentally. The solid's density was assumed to exceed that of the
liquid, the implication being that the solid will continually descend as
the material melts away from its underside. This movement generates a
fluid motion, which contributes to a convective term in the energy
equation, written for the liquid region. Tests were conducted in a well-
insulated 10-gallon water bath using glass spheres with radii of 3.272
and 2.789 cm and the average wall thickness of 1.5 mm. The cut in the
insulation of the water bath made it possible to observe and take
photographs of the process. Octadecane was used as the PCM. The
surplus in the PCM's volume (about 5–6%), generated during the
melting of the solid substance, was stored at the top region of the
sphere. The typical results from calculations of the interface position
are presented in Fig. 10. The comparison of numerical simulations and
experimental data shows a reasonable agreement, see Fig. 11.

Bahrami and Wang [56] considering a sphere of the radius R, con-
taining the PCM, which initially was in the solid phase at the melting
point, and then the temperature was suddenly risen. It was found that
the correlation between the dimensionless time τ and dimensionless
downwards distance travel of solid ξ can be presented as

= + +Ste
ArPr

(1.56 0.279 0.261 0.0686s

l

1/4
2 3 4

(2)

Assuming that the entire mass of PCM is molten when ξ = =1, the
melting time takes the form of

= Ste
Ar

2.03
Prf

s
1/4

(3)

The parameter τ/τf is the relative time and is equal to the ratio of
current time elapsed and time, required for complete melting, and can
be expressed in terms of ξ. Fig. 13 illustrates the correlation between
these values and it can be seen that the relationship is almost linear.
This fact implies that the solid fraction descends during the melting

Fig. 7. Comparison of the experimental and numerical molten mass fractions
[52].

Fig. 8. Constrained melting phase front at different times for the wall tem-
perature of 40 °C and initial temperature of 27.2 °C [53].
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process at a relatively constant speed. A comparison of the correlation
with experimental data of Moore and Bayazitoglu [55] shows a good
agreement only for FoSte less than 0.001. For FoSte greater than 0.001,
theoretical values are greater than experimental data by about 20%.

By studying the unconstrained melting process within the spherical
shell, Roy and Sengupta [57] improved the method of Bareiss and Beer
[58] by eliminating their assumption, made for the film thickness, and
used for analysis of melting process in cylindrical capsules. The sug-
gested correlation for the calculation of the solid PCM motion down-
wards (drop) was derived numerically, and results are shown in Fig. 13.
A comparison of computational and experimental data by Moore [59]
indicated that the theory predicts the greater melting rate. The max-
imum deviation from the experimental results is about 16%. The

performed analysis indicates that:

• The temperature differences have a greater effect with the down-
wards motion (drop) rate being proportional to (ρ*Ste/Pr)¾;
• The melting rate increases with a rise in the temperature difference
between the wall and solid PCM, the size of the enclosure and the
difference between the solid and liquid PCM densities;
• The melting rate decreases with an increase in the latent heat of
melting and viscosity of the fluid. It was shown that the film
thickness increases with time owing to the solid volume decreases at
a faster relative rate than the supporting surface area, resulting in a
slower melting rate.

Toksoy and İlken [60] obtained primary data, which could be useful
for determination of the charge time during PCM melting in a spherical
container. They performed the experiments with melting of calcium
chloride hexahydrate (CaCl•6H2O, the melting point is 27.22 °C) in the
spherical enclosure exposed to the flow of hot air. Fig. 15 shows the

Fig. 9. Comparison of the predicted melting behaviour of PCM for Case 3 with the experimental results (a) Experimental snapshots (Tan et al. [49]) (b) Temperature
map [54].

Fig. 10. Solid-liquid interface position at various stages of melting [55].

Fig. 11. Comparison of interface positions with experimental data for
R = 32.72 mm, θ = =0, Ste = =0.05 and 0.1 [55].
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schematic of an experimental setup used in that study. In seven ex-
periments, they used two glass spheres with the inner radii of 3.93 and
2.34 cm, connected with expanding plastic tubes. The results of their
experiments are presented in Table 1. The stored energy was calculated
by using the relation given by Carlsson and Wettermark [61]:

=Q H
V

d V
dt

( )
stor

m

z (4)

where ΔV is the amount of volumetric expansion of the PCM during
melting, ΔVz is the difference in specific volume between the liquid and
solid phase of PCM. The volumetric expansion was measured during
experiments and the stored energy was calculated using Eq. (4). The

comparison of the experimental results with Solomon's [62] and
Moore's [59] solutions showed that analytical solutions provide sig-
nificantly overestimated values.

Saitoh et al. [63] performed the theoretical analysis for combined

Fig. 12. Ratio of the solid PCM travel distance to sphere diameter as a function
of the relative time [56].

Fig. 13. Ratio of solid travel distance to sphere diameter as a function of nor-
malized time [57].

Fig. 14. Experimental set-up for study of PCM melting process in single sphe-
rical container [57].

Fig. 15. Molten mass fraction versus dimensionless time [60].

Fig. 16. Comparison of results for the solid PCM descending distance versus
time (Ste = =0.05, 0.10) [64]. In the graph, [2] corresponds to Bahrami &
Wang [56]; [5] – to Moore & Bayazitoglu [55].

M.M. Kenisarin, et al. Journal of Energy Storage 27 (2020) 101082

8



close-contact and natural convection melting in the ice storage sphe-
rical container. The following assumptions were made for the analysis:
the flow is laminar; customary Boussinesq approximation can be used;
properties are constant and there is a constant volumetric expansion
rate during the melting process. The fixed boundary method was used
to evaluate the interface position. Numerical simulations were per-
formed for melting ice, which initially was packed in a shell with an
inner diameter of 32 mm. Calculations were made for two different
temperatures of the spherical capsule: 3 and 10 °C. As it can be seen in
Fig. 15, at the early stage of unconstrained melting, the calculated
molten mass fraction was in a good agreement with data of Bahrami
and Wang [56]. As the process progressed, the increasing discrepancy
in time was observed. These differences were caused by intensification
of the natural convection flows.

Considering the configuration of unconstrained melting, Hu and Shi
[64] developed a mathematical model describing the close-contact
melting of PCM inside a spherical shell. The calculation was performed
for two sets of experimental conditions, studied by Moore and Bayazi-
toglu [55], namely the first set: Ste = =0.05, Pr = =54.7,
Ar = =7.36 × 105; the second set: Ste = =0.1, Pr = =41.8,
Ar==1.26 × 106. Fig. 17 shows data produced by Hu and Shi [64] in
comparison with the results of Moore and Bayazitoglu [55], Bahrami
and Wang [56]. It can be seen, that there is a good agreement between
theoretical and experimental data.

Fomin and Saitoh [65] investigated the close-contact (un-
constrained) melting within a spherical capsule numerically and ana-
lytically. Equations of their mathematical model were solved numeri-
cally by using the fixed boundary method. For constructing an
approximate analytical model of contact melting in a sphere with non-
isothermal wall, the original approach was developed and applied by
Bareiss and Beer [58]. The use of the perturbation technique allowed to
obtain an analytical solution for the evaluation of interface position,

= + + + +A A B Ste s A A B Ste s[( 2 ) ( 2 ) /4]
2

[ ( ) /4]
2

(5)

and for the complete time of melting,

= + + + +A A B Ste( 2 )
2

( 2 )
8

,m (6)
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Here a is the coefficient in capsule's wall temperature equation:
Tw ==a sin2θ. In accordance with the experiments, a varies from 0 to
0.4 and for the most cases, a can be chosen as 0.2.

Assuming that the capsule wall was isothermal (a= 0) and the heat
transfer was dominated by heat conduction across the molten layer
only, the comparison was conducted between the computed solid shift,
as a function of relative time, and the results of Bahrami and Wang

[56]. As it can be seen in Fig. 17, for these conditions the theoretical
values completely coincide with experimental ones. The following
conclusions were made by the authors:

• The approximate analytical solutions of close-contact melting, ob-
tained by the perturbations technique, were found to be in a good
agreement with the numerical solution of the complete mathema-
tical model. The discrepancy in results did not exceed 10 ± 15%;
• The assumption, which was used in the previous research works on
the temperature in the wall of capsule being constant, can lead to
results, which significantly differ from those obtained for the real
conditions of melting, in which the wall of the capsule is non-iso-
thermal.

Eames and Adref [66, 67] carried out a comprehensive experimental
study of freezing and melting of water inside a spherical shell. This type
of shells is usually used in ice storage systems. The test apparatus is
shown schematically in Fig. 18. The first sphere acted as the test object
and was filled to 80% of its volume with de-ionized water. The air space
in the test sphere was connected to the second sphere by a plastic
tubing. The second sphere contained only air. During the freezing
process, the air pressure in the two spheres would rise due to the in-
crease in the volume of water as it freezes in the first sphere. The
pressure was measured using a manometer. The purpose of the second
sphere was to set the initial air volume contained by the two spheres.
Once freezing had been completed the resulting air pressure would not
exceed the strength of the glass spheres or the maximum pressure range
of the manometer. The measurements of air pressure were used to es-
timate the quantity of ice produced at any point in time during the
freezing process. Using this date, the position of the water/ice interface
could be estimated. The experiments showed that at least 90% of the
energy was discharged in 70% of the time needed to complete the full
discharge from the spherical storage element. For practical purposes, it
is important to know the rate of melting or solidification. The

Table 1
Experimental parameters and results obtained by Toksoy and İlken [60].

Experiment number Tair ( °C) PCM mass
(gram)

Container radius
(cm2)

Sphere surface area
(m2)

Stefan
number

Complete melting time
(s)

Stored energy
(kJ)

Heat flux
(kW/m2)

1 39.9 424.85 3.93 0.0194 0.0946 16080 49.47 0.1586
2 40.0 424.85 3.93 0.0194 0.0950 14488 46.0 0.1614
3 40.3 434.11 3.93 0.0194 0.0976 17317 58.09 0.1730
4 39.9 434.11 3.93 0.0194 0.0946 16223 54.23 0.1723
5 40.3 82.81 2.34 0.0069 0.0976 8391 11.5 0.1987
6 39.7 82.81 2.34 0.0069 0.0930 8981 12.8 0.2605
7 45.0 82.81 2.34 0.0069 0.1327 7800 13.17 0.2446

Fig. 17. The solid PCM travel distance as a function of ratio between current
time elapsed and the time required for complete melting (τ/τm) [65.
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experimental data allowed to derive the following empirical equations
for calculation of rates of storing and discharging energy (in Watts, not
in W/m):

= <

<

Q k T FoSte
R

FoSte T

C

1.44 0.12 1 for 0.2and

0

charging ice HTF
o

HTF

2

(9)

and

= <

>

Q k T FoSte
R

FoSte T

C

4 0.3 1 for 0.07and

0

discharging water HTF
o

HTF

2

(10)

Ettouney et al. [68] carried out the experimental study of heat
transfer during the phase change of paraffin wax with the melting point
of 48.5 °C and heat of fusion at 210 kJ/kg inside spherical capsules.

Measurements were conducted in a glass column with the diameter of
20 cm and a height of 40 cm, using air as the HTF and copper spheres
with diameters of 2, 3, 4, and 6 cm. The detailed temperature field was
obtained within the spheres, using 10 thermocouples. The values of the
air velocity and temperature used in the experiments were 4–10 m/s
and 60–90 °C, respectively. The inlet air temperature of 24 °C was
maintained during the solidification process. Measured melting and
solidification times varied over a range of 5–15 and 2–5 min, respec-
tively. The specific melting or solidification times were calculated as
the time, required for melting or solidifying a unit mass of the PCM.
Experiments showed that the highest specific melting time was ob-
tained for the smallest diameter of sphere. The specific melting time
decreases with an increase in the sphere diameter. The reason was that
in the small diameter sphere the conduction plays a dominant role in
the heat transfer process. However, natural convection effects were
more pronounced in spheres with larger diameters. That enhances the
heat transfer process and reduces the specific melting. It should be
noted that variations in the specific solidification time did not corre-
spond to the real experiments. As mentioned previously, the solidifi-
cation process was investigated only with the inlet air temperature of
24 °C. Because of the conducted experiments, correlations were sug-
gested, characterizing the heat transfer during melting and solidifica-
tion inside a spherical capsule, using air as the heat transfer fluid. Thus,
for melting

=Fo Ste Bi0.199 ,m
0.56 0.212 (11)

(Correlation is valid for 0.08 < Ste < 0.38; 1.89 < Bi < 6;
60 °C < Tair < 90 °C) and

=Nu Fo Ste Ra0.022 ,m
068 0.62 0.22 (12)

(Correlation is valid for 0.007 < Fo < 0.2; 0.08 < Ste < 0.38;
50,000 < Ra < 28,000,000; 60 °C < Tair < 90 °C).

For solidification

=Fo Ste Bi0.344 ,s
0.62 2.01 (13)

(Correlation is valid for 0.08 < Ste < 0.38; 1.89 < Bi < 6;
23 °C < Tair < 43 °C) and

=Nu Fo Ste Ra0.023 ,s
0.36 0.28 0.21 (14)

(Correlation is valid for 0.003 < Fo < 0.04; 0.08 < Ste < 0.38;
1,100,000 < Ra < 28,000,000; 23 °C < Tair < 43 °C).

Fig. 18. Schematic view of experimental apparatus [66].

Fig. 19. Typical instantaneous photographs during melting of paraffin wax inside the spherical capsule at the HTF temperature of 78 °C (Ste = =0.2048) [69].
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In conclusion, it should be noted that there are some contradictions
in data presented by Ettouney et al. in [68], related to solidification.
Thus, it was reported that the solidification process was studied at the
inlet air temperature of 24 °C. At the same time, it was recommended to
use the correlations (13) and (14) for 23 °C < Tair < 43 °C.

Regin et al. [69] carried out an experimental and numerical in-
vestigation of melting of the PCM inside a spherical capsule. Numerical
analysis was conducted by using the enthalpy method. For experi-
mental study, a spherical glass capsule with a diameter of 98 mm was
placed in a convective environment. The temperature distribution in-
side of wax was measured with nine thermocouples. Paraffin wax with
the melting temperature between 52.9 and 61.6 °C was selected as the
PCM. The temperature of the heat transfer fluid (water) used in this
experiment were 70, 75, 78 and 82 °C. The results of the observations
are shown as photographs in Fig. 19. Fig. 21a presents the experimental
and predicted values of molten fraction depending on the time and
Stefan number, whilst Fig. 21b shows the effect of capsule radius on
time, required for complete melting. An additional experiment was
performed to validate the numerical model using thermocouples inside
the capsule. The test was conducted using a spherical transparent
capsule made of glass with a wall thickness of 1.5 mm and an outside
diameter of 80 mm. As a result, it was concluded that there was a
reasonable agreement between experiments and numerical simulations.

Bulunti and Arslantürk [70] carried out the numerical investigation
of inward spherical melting of a solid, which initially was at the fusion
temperature, and then exposed to convection and radiation. The gov-
erning equations for the liquid phase and interface, expressed in the
dimensionless form, showed that there was a dependence between the
rate of interface movement and Biot number, Stefan number, conduc-
tion-radiation parameter, and dimensionless temperature. One of the
main results obtained is presented in Fig. 21.

Assis et al. [71] carried out the comprehensive numerical and ex-
perimental investigation of unconstrained melting in a spherical cap-
sule. A detailed parametric analysis was performed using Fluent 6.0
software for PCM melting in spherical shells with diameters of 40, 60,

and 80 mm. The cases when the wall-temperature was uniform and
varied from 2 to 20 °C above the mean melting temperature of the PCM
were considered. Assis et al. [71] also conducted an experimental in-
vestigation with visual observation to validate the numerical simula-
tion. The paraffin wax RT27 (Rubitherm GmbH) was used as the PCM
(melting temperature of 28–30 °C, the heat of fusion at 179 kJ/kg). The
solid phase initially occupied 85% of the volume in a vessel, which had
a flat top. The comparison of numerical simulation results with ex-
perimental data is shown in Fig. 22a. As can be seen, the melting time,
obtained in the simulations, was slightly shorter than in experiments.
This was also observed by Roy and Sengupta in [57]. All numerical
simulation results are summarized in Fig. 22b. It can be seen that all
curves, except that for Ste = =0.2, practically merge into a single
curve. It can be concluded that the generalization is full for Ste ≤ 0.1,
which corresponds to ΔT ≤ 10 °C. Analysis of results presented in
Fig. 23b leads to the following correlation

=MF FoSte Gr1 1
1.9

.
1
3

1
4

3
2

(15)

The above correlation for molten fraction allows to evaluate MF for
any time and to estimate the time of complete melting in the spherical
capsule for the case in which MF is equal to 1.

The experimental study [48] of the constrained melting of n-octa-
decane inside a spherical flask was considered in Section 3.1. Below in
Fig. 23, the typical results from observations of unconstrained melting,
obtained by Tan [48], are shown as photographs. The amount of
melting liquid fraction was estimated from the digital images captured
at different time instances. Fig. 24 illustrates the liquid fraction versus
time for different surface temperatures. It can be seen that the high
surface temperature of 45 °C provides complete melting in 80 min,
compared to 90 and 160 min for the surface temperatures of 40 °C and

Fig. 20. Variation of the molten fraction with time (a) and the time, required
for complete melting, as a function of the sphere radius (b) [69].

Fig. 21. Variation of the molten fraction with time (a) and the time, required for complete melting, as a function of the sphere radius (b) [67].

Fig. 22. Variation in the molten fraction with time: a – comparison of experi-
mental and numerical data; b – generalized results for all simulated cases [71].
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35 °C, respectively. Melting occurs almost instantaneously for the sur-
face temperatures of 40 and 45 °C. In the case of surface temperature of
35 °C, a 30 min delay before the start of melting was observed. A low
surface temperature resulted in an opposite effect on the melting rate.
Low surface temperatures decrease the creation of the centers of crys-
tallization on the sphere wall and affect the heat transfer rate through
the natural convection. It causes a significant slowdown in the melting
rate.

Veerappan et al. [70] studied the heat transfer during phase change
of the PCM in a spherical enclosure as a combination of conduction and
natural convection process. They developed the analytical correlations
for evaluating the dimensionless position of the solid-liquid interface in
melting and solidification processes. Particularly for melting, the fol-
lowing correlation was suggested

+ + =s s SteFo(6 3 2 )(1 ) 6,eff eff eff
2 3 (16)

where = R q
k T T( )

v
o m

2
; =eff

R q
k T T( )

v
eff o m

2
; = Ra Pr0.202 ( ) ;k

k L
L

r
0.228 0.252 0.029eff

l eqv
reqv is equivalent radius of the melting solid; L = =R – reqv; s==σ/2R
is the dimensionless position of the interface. Assuming s = 1 and
taking into account that SteFo is the dimensionless time τ, the time for
complete melting can be estimated as

=
+

1 1 6
6

.f
eff eff (17)

For solidification, the transient position of the interface for β < 6.0
was expressed as

= +

+ +

SteFo s tan tan s

ln s

6 ( 1) 6 6 1
6 6

5.3753 3 (6 )

1 1

2
(18)

The obtained correlation was verified using experimental data of
Adref and Eames in [67]. The deviations were found to be within 20%
for the melting process. It was shown that the diameter of sphere and

temperature difference (To−Tm), were the main factors affecting the
melting rate.

Koizumi et al. [73] used the enthalpy method for numerical simu-
lations. They proposed a stream function, in which a solid sphere was
moving in a stagnant viscid fluid for elucidation of the unconstrained
melting process of a solid PCM in spherical capsule. In the analysis of
the melting process, authors of [73] considered the effect of Stefan
number (Ste) and capsule diameter (D). In the numerical simulations
and experiments, the initial conditions were applied in the form of
constant and uniform temperature at 25 °C with a sub-cooling of 3 °C,
and the isothermal boundary conditions (58 °C, Ste= 0.27) were used.
The experiment was performed in a transparent plastic tank, filled with
water at 58 °C (Gr = =4 × 108). The spherical capsule was made of
plastic with 2 mm thickness and with an outer diameter (D) of 100 mm.
The solid PCM initially occupied 85% of the enclosed space. The PCM
was placed in stagnant water at about 58 °C, which is 30 °C higher than
the PCM melting temperature of 28.1 °C. The inner diameter of the
sphere was 96 mm, and the internal volume of the capsule was 463 cm3.
The melting process was monitored and recorded with the use of a
video-camera. The PCM, used in the experiment, was nOctadecane. The
obtained results are presented in Fig. 25.

Archibold et al. [74] performed the comprehensive parametric in-
vestigation of melting of sodium nitrate in an aluminum spherical
container with a diameter of 10, 20, 30, and 40 mm. The numerical
investigation was based on applying the finite-volume and enthalpy
porosity technique for solving Navier-Stokes and energy equations. The
results of the comprehensive study are illustrated in Fig. 26. As it can be
seen, all curves practically merge into a single curve. Data obtained
using the correlation (12) of Assis et al. [71] was used for the com-
parison purpose. As it was noted previously, that correlation had been
derived for the low-temperature PCM (RT-27) and produces melting
times, which are not significantly shorter than the experiments.

Fig. 23. Unconstrained melting phase front at 40 °C with an initial sub-cooling of 1 °C [48].

Fig. 24. Liquid fraction versus Stefan number in unconstrained melting [48].

Fig. 25. Comparison of predicted results with experiments: a – variation of
molten fraction with time; b – variation of the solid-liquid front with time in
visual observations and numerical study [73].
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Therefore, the correlation, obtained in the considered work and pre-
sented in Eq. (15) for the liquid mass fraction, produces an accurate
prediction of characteristics of the storage system, based on the de-
ployment of the spherical container.

=LMF FoSte Gr1 1
2.9

.
21

3
1
4

(19)

The correlation (19) was valid for the range of parameters used in
simulated cases: 0.047 < Ste < 0.1; 1.2 × 104 < Gr < 1 × 105; and
7.2 < Pr < 9.1.

Rizan et al. [75] conducted an experimental study of n-octadecane
melting inside a spherical shell immersed in a water tank. The spherical
samples subjected to the power flux of 690, 850 and 950 W. About
643.6 cm3 of solid n-octadecane were housed in a Pyrex spherical flask
with the outer diameter of 110 mm, 1.5 mm thickness and neck's length
of 168 mm. The flask was placed into an acrylic tank and suspended
using a support stand. The tank had external dimensions of 30 cm
(L) × 30 cm (W) × 50 cm (H). The thickness of its walls was 10 mm.
The spherical flask was immersed into the 37.8-liter water volume with
the Risheng Electrical Air Pump SP-780, secured at the center of its base
floor. The flask was exposed to upward airflow to regulate heat dis-
tribution. The results of the experiments are presented in Fig. 27 and
Table 2. The tabular data can be used for validation of the numerical
modelling of the PCM melting heat transfer inside a spherical enclosure
with constant heat flux applied.

Hosseinizadeh et al. [76] carried out numerical investigations of
unconstrained melting of paraffin wax RT-27, which was enhanced by
adding nano-size particles of copper. The developed mathematical
model was verified by comparison with the data of Assis et al. [71]. As
can be seen from Fig. 28a, there is a good agreement between calcu-
lated values and experimental data presented by Assis et al. [71]. The
typical temporal variations in the liquid fraction are shown in Fig. 28b.
The thermophysical properties of the nano-enhanced composition used
in simulations. They could be confirm the assumed values of

thermophysical properties. It was also assumed that both solid and li-
quid phases were homogeneous and isotropic. This last assumption is
difficult to justify due to considerable differences in densities of copper
and paraffin wax. There are evidences that the viscosity of composi-
tions, enhanced with nanoparticles, exceeds that of the pure PCM more
than ten times. The trivial conclusion, made by the authors, was that
their simulation results indicated an enhancement in the melting rate of
nano-enhanced composition, compared to conventional RT27.

In the next paper, Hosseinizadeh et al. [77] reported the results of
the comprehensive numerical and experimental investigations on un-
constrained melting of n-octadecane inside a spherical capsule. PCM
melting observation was made in the spherical glass flask with a dia-
meter of 101.66 mm. The experiments were carried out at three dif-
ferent wall temperatures, namely 35, 40, and 45 °C, with a sub-cooling
of 1 °C. Numerical simulations were performed using Fluent 6.3 soft-
ware for different values of Stefan numbers and different capsule dia-
meters (40, 60, 80, and 101.66 mm). The mushy zone constant to be
employed in Fluent software was determined from their experimental
results. A comparison of the current results with data of Assis et al. [71]
is presented in Fig. 29a. As it can be seen, a good agreement between
results is observed. Fig. 29 presents the generalized results for different
Stefan numbers and shell diameters. The statistical analysis of

Fig. 26. Generalized results for the melting process (Ref. 13 in the Figure
corresponds to [71]) [74].

Fig. 27. Variation in the temperature of the water tank, containing PCM
spherical shell, as a time function [75].

Table 2
Variation of the Stefan number and the Liquid fraction with time for different
heater powers [75].

Time (min) Stefan number Liquid volume fraction (%)
690 W 850 W 950 W 690 W 850 W 950 W

0 0.0000 0.0000 0.0000 0.00 0.00 0.00
10 0.0237 0.0405 0.0293 2.14 2.65 2.72
20 0.0488 0.0776 0.0652 2.71 4.18 3.48
30 0.0795 0.1168 0.1056 5.33 13.79 13.69
40 0.1078 0.1506 0.1437 17.78 29.89 29.73
50 0.1376 0.1856 0.1779 26.28 48.60 50.76
60 0.1649 0.2225 0.2133 48.59 66.22 70.74
70 0.1937 0.2553 0.2511 67.83 81.07 88.05
80 0.2210 0.2859 0.2893 81.08 90.86 99.61
90 0.2458 0.3193 – 91.07 99.76 100.00
100 0.2729 – – 99.70 100.00 100.00
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numerical simulation data produced the following correlation for the
molten fraction

=MF exp lnGr6.64 ( 22 ) ,1.07 (20)

where θ = =FoSte is the dimensionless time.
The correlation (20) allows easy calculation of the molten fraction

as a function of time. However, it cannot be directly used for de-
termination of the time required for complete melting. Therefore, for
practical applications, correlations are preferable, which have the form
of Eqs. (12) and (15).

The correlation (21) is valid in the range of experimental para-
meters used in simulations: 0.048 < Ste < 0.194;
1.32 × 104 < Gr < 2.06 × 105; 8.73 < Pr < 9.05.

In 2014, Archibold et al. [78] reported the results of the numerical
study of the melting process of sodium nitrate inside a nickel spherical
shell. To provide the enough space for molten PCM, the test sphere was
partially filled with solid NaNO3. The remaining volume was occupied
by air at pressure of 1 bar. Validation of the mathematical model was

performed by comparing it with experimental data obtained by Assis
et al. [71], see Fig. 33a. The plot of generalized correlation for molten
fraction as a function of dimensionless parameters is given in Fig. 30b.
A dimensionless equation for calculation of changes in the molten
fraction (MF) was presented as:

=MF FoSte Gr1 1
2.8

.
0.37 0.25 2.35

(21)

The results of the study, similar to [78] (considered above), were
reported by Archibold et al. [79] in the same year. In this paper, the
mathematical model was validated using experimental data of Tan
[48]. The comparison demonstrated that the largest deviation (27.5%)
of predicted values from experimental data was observed at the early
stages when the thermal conduction was dominant. As the melting
process progressed, the deviation gradually reduced to a very small
number at the end of the process. The main results were decided to
describe the melting process as MF FoSte Gr Pra

R
b c d e. The

Fig. 28. Variation of the molten fraction with time: a – comparison with results by Assis et al. in [71]; b – generalized results for all analysed cases [76].

Fig. 29. Variation of the molten fraction as a function of controlling parameters: a – comparison with data of Assis et al. [71]; b – comparison of numerical data with
Eq. (17) [77].
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numerical simulation results were approximated by the following cor-
relation for the molten fraction:

=MF FoSte Gr Pr1 1
9.5

,R
0.33 0.27 0.37 0.72 0.02 1.8

(22)

where χ = =1− kpcm/kshell; ξ = =Tin/Tm.
Eq. (22) is valid for the range of parameters used in simulations:

0.048 ≤ Ste ≤ 0.145; 1.32 × 104 ≤ Gr ≤ 4.21 × 105;
8.90 ≤ Pr ≤ 35.0; 0.6709 ≤ χ ≤ 0.9945; 0.00259 ≤ ξ ≤ 0.0259.

Li et al. [40] conducted the experimental study of melting and so-
lidification processes of the paraffin with melting interval 45.8 - 50.3 °C
and paraffin-aluminum composition with 1 and 2 wt.% of aluminum
powder. The experimental setup consists of two isothermal water baths,
a spherical glass 100 mm in diameter filled with tested material. Five
thermocouples placed along the centreline of the sphere are served for
temperature control. Experiments demonstrated that the PCM in the
upper part of the sphere melts faster than that in the lower part. Adding
aluminum powder can accelerate the heat transfer of the PCM inside a
sphere during melting and solidification processes.

Fan et al. [80] published results of the comprehensive experimental
study on unconstrained melting of a nano-enhanced PCM. Pure 1-

dodecanol with the melting point of approximately 22 °C and its blends
with 0.5 wt.% and 1.0 wt.% expanded graphite nanosheets were used as
the PCM. The specific heat, heat of fusion, melting point, thermal
conductivity, density, viscosity was measured for both solid and liquid
states. The spherical container was made of stainless steel with the
inner diameter and the wall thickness of 48.5 mm and 0.75 mm, re-
spectively. To quantify the value of molten fraction in a transient pro-
cess, a transparent, straight glass tube with an inner diameter of 5 mm
and a height of 300 mm was connected to the top of the spherical
container. This calibrated glass was used to measure the expansion
volume and to monitor the variation of molten fraction in time. Before
performing melting experiments with various nano-enhanced PCM
samples, experimental data for pure PCM was validated against
Eq. (15), reported by Assis et al. [71]. Generally, good consistency was
observed with the correlation, suggested in [71], with the maximum
deviation being below 20%. Based on such a comparison, it was con-
cluded that the measured results for molten fraction are also correct.
Fig. 34 demonstrates the variations of molten fraction, produced using
data in [80]. As a result, the following correlation for determination of
the molten mass fraction was suggested:

=MF exp FoSte Gr1.102 1.101
0.129

.
0.33 0.1

(23)

The range of parameters, for which the correlation (23) is valid,
were not identified.

Hariharan et al. [81] carried out the computational and experi-
mental study of melting and solidification behaviour of the paraffin
PCM with the melting point of 61–63 °C, encapsulated in a stainless-
steel spherical container. The numerical simulations were performed
for a sphere with a diameter of 88 mm using commercial modeling
software ANSYS ICEM CFD. It was anticipated that the role of natural
convection in both melting and freezing processes would be insignif-
icant. The experimental investigations were performed in the cylind-
rical chamber, which contained the spherical shell with PCM. The flow
of hot and cold air with temperature of 75 and 36 °C, respectively, was
used as the heat transfer fluid for melting and solidification of PCM. The
CFD analysis showed that the time required for solidification and
melting is longer by 33 and 30%, respectively, compared to the re-
spective experimental results. The other conclusion from this study was
that the solidification rate is higher than the melting rate.

Fig. 30. Variations of the molten fraction measured with the use of all three samples [78].

Fig. 31. The experimental images matched with simulated density contours
[80].
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Ghosh and Guha [82] performed numerical and experimental in-
vestigations of the effect of container material on the phase change
process in a spherical shell. The melting process of the paraffin wax
RT27 was studied for different boundary conditions. The shell with
diameter of 80 mm was partially filled (85%) with the PCM. The initial
PCM material was at the temperature, which was one degree below of
the solidus temperature. The study was performed for container mate-
rials with three different thermal diffusivities (a): aluminium
(aAl = =8.5 × 10−5 m2/s), copper (aCu = =11.3 × 10−5 m2/s) and
glass (aglass = =3.42 × 10−7 m2/s). Commercial software Ansys
Fluent 16.2 was used for numerical simulations. The simulations were
run for three values of Stefan number: 0.13, 0.18, and 0.28. Results
were obtained during the experiment with melting of PCM in the
spherical cavity of 80 mm in the diameter and the water-bath at the
temperature of 47 °C. Density contours from simulation results are
shown in Fig. 32. The major findings of that study can be summarized
as follows:

• The properties of the cavity materials affect the phase change pro-
cess significantly;
• The ratio of height and breadth (aspect ratio) of the solid phase was
higher in the copper cavity (high thermal diffusivity) than in the
glass cavity during a transient simulation of the melting process. The
higher aspect ratio results in an unstable shape of the solid, which
increases the bouncy effect.
• Higher Stefan numbers during melting indicate the dominance of
the natural convection, as the velocity reaches the maximum values.

Recently, Gao et al. [83] conducted the experimental study of the
unconstrained melting process of paraffin RT27 addressing the effect of
void inside the spherical shall with using a digital camera. The effect of

such factors as the diameter of the spherical container
(20.05–70.30 mm), filling ratio of PCM (0.8–0.98), heating temperature
(32–47 °C) and initial temperature (7–22 °C) have been studied. These
experiments showed that there is a new unconstrained melting mode
(so-called floating melting), which takes place before the close-contact
melting. The existence of voids in the solid PCM causes the floating
melting. Generalizing all influencing factors studied in the present
study by fitting the experimental data (Fig. 33) allows expressing the
correlation of liquid fraction in form:

= Fo Ste Ra S0.374 i
0.712 0.243 0.166 0.094 0.192. (24a)

Correlation (22a) is applicable for 1.00 × 105 ≤ Ra≤ 2.70 × 106,
0.050 ≤ Ste ≤ 0.151, 0.85 ≤ ε ≤ 0.95, 0.134 ≤ Si ≤ 0.268, and

Fig. 32. Generalized solidification time (t* = =FoSte; β = =1/Bi; γ = =Ste) [82].

Fig. 33. Generalized results for the liquid fraction [83] (Correlation (7) is
corresponds to (22a) of this review).
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0 ≤ Fo ≤ 0.491.
Just recently, Lago at al. [84] reported on results of comprehensive

experimental investigation of melting and solidification duration of
water and water-polyethylene glycol mixtures inside a spherical con-
tainer. Phase change experiments are conducted under operating con-
ditions and experimental parameters presented in Table 3. Refrigerant
fluids R-22 and ethanol were used as heat transfer fluids. The statistical
processing of empirical data on the complete melting time gave the
following correlations

= ×t D W T T4.7 10 (1 ) ,complete melting ini bath
5 0.99 2.34 0.033 0.53 (24b)

where D is diameter (m), W – percentage of polyethylene glycol (dec-
imal number), Tini – initial temperature ( °C), Tbath – thermal bath
temperature ( °C), t – time for complete melting (s).

This correlation is applicable in the range of variables:
0.076 m ≤ D ≤ 0.131 m, 0.1 (10%) ≤ W ≤ 0.5 (50%),

−20 °C ≤ Tini ≤ −5 °C, 10 °C ≤ Tbath ≤ 25 °C.
The comparison of predicted values with experimental fixed time of

complete melting of water or water-polyethylene glycol mixtures
showed that the error does not exceed 7.2%.

3.3. Solidification inside a spherical container

The publication in 1943 of the paper by London and Seban [85]
stimulated further investigations into the Stefan problem. Considering
the idealized system, they suggested a general approximation method
for the solution of freezing problems with applications to ice formation
on spherical, cylindrical, and plane boundaries. Particularly, for the
spherical container the resulting solution was presented as

= = +FoSte
Bi

r r1
3

1 1 ( * 1) 1
2

( * 1),3 2
(24c)

where r*==r/ro is dimensionless radius. Assuming r* ==0, the time
for complete solidification takes the form

= = +FoSte
Bi

1
6

1
3

.f (25)

Considering the problem of solidification of saturated liquid with a
constant thermal conductivity and density inside cylinder and sphere,
Tao [86] produced the numerical solution and such the generalized
solution obtained for the dimensionless solidification time
t* = =τ = =FoSte is shown in Fig. 34. For Ste →0, the solidification
time can be calculated analytically using a steady state transport
equation

= = +t r r* (1 * ) 1
2

(1 * )( 1)/32 3
(26)

Assuming r* = =0, the time of complete solidification takes the
same form as in Eq. (25)

Shih and Chou [87] suggested the solution for freezing of saturated

liquid inside or outside spherical shells using an analytical iteration
technique. Comparison of the solution found with the numerical solu-
tions of Tao [86] showed good agreement only for very low Stefan
numbers when the third-order approximation was applied. For the
higher values of Stefan number, the deviation was significant.

Pedroso and Domoto [88, 89] applied the method of strained co-
ordinates to obtain a perturbation solution for solidification inside a
spherical shell. It was assumed that the wall temperature is constant.
The comparison of the solution with the numerical solution of Tao [86]
demonstrated a very good agreement. This solution has the following
form

= = + +FoSte r r r Ste r Ste
r

3( * 1) 2( * 1)
6

( * 1)
6

1
45

( * 1)
*

2 3 3 2 2

(27)

Riley et al. [90] proposed an analytical solution of the inward so-
lidification in a sphere or circular cylinder using the perturbation
method. It was assumed that at the initial stage the PCM was fully
melted and maintained at the melting temperature, when the outside
surface was suddenly cooled. The complete solidification time τ of the
PCM inside the spherical shell was presented as

= = + + …FoSte Ste Ste1
6 6 3(2 )

f

3
2

1
2 (28)

Kern and Wells [91] suggested a physical model, which can be
solved analytically for the most common types of boundary conditions.
Assumptions were that the temperature of the wall was constant or
there was the finite rate heat transfer to the coolant. It was also as-
sumed that there was a linear temperature profile in the shell with a
corresponding differential removal of internal energy. As a result, the
solution for the complete inward spherical solidification time was
proposed as

Table 3
Operating conditions and experimental parameters [84].

Parameters Value

Temperature (during the charging
process)

−5 °C, −10 °C, −12 °C, −15 °C, −18 °C,
−20 °C, −25 °C

Temperature (during the
discharging process)

10 °C, 14 °C,18 °C, 22 °C, 25 °C

Volume flow rate 0.003 m3/minute
Diameter of spherical container 0.131, 0.106, 0.076, 0.035 m
Spherical shell material Plastic
Thickness of spherical shell 0.002 m
Density of spherical shell 2.16 g/cm3

Thermal conductivity of spherical
shell

0.35 W/mK

Specific heat of spherical shell 0.960–1.03 J/g °C
Thermal capacity of spherical shell 46.74–1393.14 J/.K

Fig. 34. The time required to freeze the center [86].
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= + +Fo F Ste Bi F Bi C( , ) ( )1 2 (29)

where

= +F
Ste Bi
1 1

3
0.122 ,1 (30)

< + = +

+ + + × +
+

F Bi Bi
Bi

Bi Bi Bi
Bi

Bi

Bi Bi Bi Bi
Bi Bi

cos Bi
Bi

( 1 2 ) 2
3

0.146 4 6 3 1
6
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4 3 2

2
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4 3 2

2 1
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(32)

=C 0.439.

It should be noted that Eq. (29) is valid for dimensionless thickness
of the solidified layer (ro-r)/ro < 1. The complete time for solidification
was found from quasi-stationary solution

= +Fo Ste
Ste Bi

( 0) 1 1
3

1
6f (33)

Hill and Kucera [92] proposed a new semi-analytical method for
description of the solidification of PCM inside a spherical capsule. The
approximation expression suggested is

= + + + +

+

+ + + …

t y y

y y

* ( 1) (1 2 ) ( 1)
2

( 3 1 )

( 1)
3

(4 ) ( 1)
3

(5 52 28 5 5 2 25
15

,

2
2

3

2 2
2

4

2 2

3 2 2

4 4 (34)

where = ;Ste
1 = ;Bi

1 = ( 1); = 2 ; y = R(t); t = =Fo.
The comparison of Eq. (34) with results of Tao [86] and Shih and

Chou [87] demonstrated a good agreement between these two sets of
data. The approximate time of complete solidification tf* was found
from Eq. (34) by setting y value to 0. Applying the further simplifica-
tions, the minimal and maximum of the first order estimates of tf were
suggested as

= = + = = + +t Fo
Bi

Ste t Fo
Ste Bi

* 2 1 /6 and * 1 1 2 1

/6

fmin fmin fmax fmax

(35)

Table 4 presents the comparison of numerical values of estimates of
complete solidification time. It can be seen that the difference between
1st and 3rd order approximations for Stefan number less than 0.5 does
not exceed 2%. Consequently, the 1st order approximation can be used
for many practical cases.

Milanez and Ismail [93] suggested a simplified solution for calcu-
lation of the solidification time during freezing process inside the
spherical shell assuming that the temperature profile in the solidified
layer is linear:

= = +FoSte r
Bi

r
Bi

r
Bi

(1 *)
3

1 1 (1 *) 1 1
2

(1 *) .
3

2

(36)

Assuming r* = =0 in Eq. (36), the complete solidification time
takes the same form as in Eq. (25)

A more precise solution was obtained using a second-degree poly-
nomial representation for the temperature profile.

In order to solve the solidification problem of PCM inside a spherical
shell, Caldwell and Chan [94] used the enthalpy method. In considering
this problem, the same assumptions were applied which were used
previously in other reviewed studies. Data obtained using the enthalpy
method was compared to calculation results determined by using the
heat balance integral method (HBIM). The comparison results are
shown in Fig. 35. It can be seen that the applied enthalpy method
agrees very well with the HBIM, except for very small Stefan numbers.

Ismail and Henriquez [95, 96] performed a numerical study of the

Table 4
Comparison of numerical values of the approximate time of complete solidifi-
cation obtained by using Eqs. (34) and (35) for Bi==0.2 and various values of
the Ste number (Hill and Kucera [92]).

Ste 1st order
approximation

2nd order
approximation

3rd order
approximation

t*fmin t*fmax

2 1.55 1.42 1.17 0.92 2.75
1 2.53 2.55 2.38 1.83 3.67
0.5 4.40 4.51 4.47 3.67 5.550
0.2 9.92 10.09 10.17 9.17 11.00
0.1 19.09 19.28 19.41 18.33 20.17
0.01 184.1 184.3 184.5 183.3 185.2

Fig. 35. Position of the solid-liquid interface versus non-dimensional time (here τ/α = =FoSte for a: α = =1/Ste = =1; b: α = =1/Ste = =10) [94].
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effect of different factors on solidification of water inside a spherical
capsule. The effects of the internal radius of the sphere, coolant tem-
perature, Biot number and shell thickness are shown in Fig. 36. By
numerical simulations, the time of complete solidification related to the
coolant temperature can be written as

= × + +t T T T T1.52977 10 0.15605 59.69380 10148.7 647014f
4 4 3 2

(37)

and to the Biot number as

=t Bi13.526f
0.5685 (38)

Authors of [95, 96] concluded that the time for complete solidifi-
cation increases with the rise in the diameter of the spherical shell and
decreases with reduction of the working fluid temperature. The thermal
conductivity of the shell materials plays an important role and poor
conducting materials causes the delay in starting the solidification
process. The increase in the Biot number on the external surface led to a
reduction in the time for complete solidification.

Eames and Adref [66, 67] performed an experimental study on the

phase change of water in spherical enclosures. The test sphere was filled
to 80% of its volume with the de-ionized water. The experiments on
freezing were conducted with spheres having diameters of 8.14, 7.00,
and 6.27 cm at HTF (chilled water) temperatures of -9.5 and -4.4 °C.
From tests, the variations in the solid-liquid interface position were
found as

Fig. 36. Effect of various factors on the rate of solidified mass fraction: a – material of spherical shell;b – diameter of sphere; c – temperature of external fluid; d –
initial temperature of PCM [95].

Table 5
Comparison of the complete solidification time, calculated using the correla-
tions of different authors [97].

Ste Tao (1967) Quasi-
steady

Pedroso
(1973)

Riley
(1974)

Poots
(1962)

Improved
quasi-steady

0.1 1.920 1.667 1.805 1.791 0.924 1.773
0.3 0.556 0.686 0.649 0.368 0.668
0.5 0.474 0.333 0.460 0.406 0.257 0.452
0.8 0.208 0.333 0.256 0.195 0.336
1.0 0.284 0.167 0.290 0.200 0.174 0.300
2.0 0.180 0.083 0.204 0.062 0.132 0.247
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where ro – the inner radius of test sphere; r* - dimensionless solid-liquid
interface radius; Vo – the volume of test sphere; vi, vw – the specific
volume of ice and water, respectively; Po and Pt – the absolute pressure
of air in test sphere at t = 0 and at t > 0, respectively.

Variation in the absolute pressure was determined in special tests.
Experiments showed that the diameter of spherical container effects
significantly on the rate of energy discharge.

Lin and Jiang [97] used an improved quasi-steady analysis for
studying the solidification process in solids of a simple geometry. In the
analysis based on the known Neumann's solution, an additional term
was added to the temperature profile to simulate the transient effect in
the temperature distribution in the solid phase. In the spherical case,
the location of the solidification front was presented in the form:

+ =
+

r
r

r
r p

FoSte1
3

1
2

1
6

2
1 exp( )

,
o o m

3 2

2 (40)

where pm is the constant for the spherical enclosure. The time, Fof, re-
quired for the complete solidification inside the sphere with ro ==0 is

= =
+

Fo t
exp p

Ste
1 ( )

12f f
m
2

(41)

In order to validate Eq. (41), the comparison of the dimensionless
time with published data was performed, which is presented in Table 5.
As it can be seen in Table 5, the good agreement is observed between
data of Tao [86], Pedroso & Domoto [88, 89], and the improved quasi-
steady analysis method for the Stefan number as high as 1.

Using the governing dimensionless equations of the Stefan problem
and the third kind of boundary condition, Bilir and İlken [98] for-
mulated and solved the problem equations numerically. In solving, the
enthalpy method with the control volume approach was applied. It was
assumed that the solution to be investigated has the form

= = × × ×t Fo a Ste Bi( ) ( )f f
b c d (42)

were θ is dimensionless temperature; a, b, c, d are constants.
Assuming that the thermal conductivity and specific heat values for

solid and liquid phases of water were constant, the correlation for the
time of complete solidification was derived as

= = × × ×t Fo Ste Bi0.5012181f f
0.9070384 0.1864788 0.9843633 (43)

and which is valid for the following range of parameters: 0.01 ⩽ Ste ⩽
0.5; 1 ⩽ Bi ⩽ 50; 0.2 ⩽ θ ⩽ 1.

As a result of the experimental investigations conducted by Chan
and Tan [99], the effect of three different constant surface temperature
conditions (13, 8 and 3 °C) and three different initial superheating of n-
hexadecane (8, 2 and 0 °C) were established on the solidification pro-
cess inside a spherical container. The experiments showed that the
lower constant surface temperature led to a longer solidification time,
whereas the effect of the initial liquid superheating of the PCM on the
solidification process was insignificant.

Teggar and Mezaach [100] investigated inward spherical solidifi-
cation of a PCM using the finite control volume approach. Fig. 37
presents the numerical modelling results in comparison with literature
data.

In 2009, Assis et al. [101] carried out a numerical and experimental
study of the process of solidification inside a spherical enclosure. The
commercially available paraffin wax RT27 was used as PCM. The
spherical shells with diameters of 20, 40, 60, and 80 mm were used for
the experimental study at the uniform wall temperature, which varied
from 10 to 40 °C below the mean solidification temperature of PCM.
Transient numerical simulations were carried out using FLUENT 6.2
software. The experiments were used to validate the results of numer-
ical simulations, as shown in Fig. 37. The statistical analysis of simu-
lation results produced the following correlation for calculation of the
molten fraction:

=MF FoSte[1 4.5( ) ]1/2 2 (44)

Susarla [102] pointed out an error in Eq. (44) due to using the
diameter value in the Fourier number calculations instead of the radius
in the derivation process, which was confirmed by the authors. Thus,
the corrected correlation should be written as

=MF FoSte[1 2.25( ) ]1/2 2 (45)

Ismail and Moraes [103] reported results of experimental and nu-
merical studies on the solidification of different PCMs, encapsulated
into spherical and cylindrical shells. They used glass and plastic sphe-
rical shells with diameters of 0.035, 0.076, 0.106 and 0.131 m. The
temperature of cooling bath and, consequently, shell surface tempera-
tures were maintained at −5, −10, −12, −15, −18, −20 and -25 °C.

Fig. 37. Comparison of the present model and the experimental results of Ismail
and al. [100].

Fig. 38. Generalized results and correlation for the melt fraction [101].
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The authors investigated water and mixtures of water with 3.75, 7.5,
15, 25, 30, 40 and 50% Glycol content as PCMs. The main results of
their study are summarized in Fig. 38. The study demonstrated that the
increase of the glycol content in the mixture reduces the phase change
temperature, reaching –15 °C when the Glycol content is 50% and in-
creases the time for complete solidification. Despite the good agreement
of numerical and experimental data, see Fig. 39, no correlation for
calculation of the solidified fraction was proposed.

Rajeev and Das [104] proposed a method based on using the time
function approximated by Chebyshev series and the operational matrix
of integration for the numerical solution of inward solidification of a
PCM, contained in cylinder/sphere. It was assumed that the thermal
properties of the PCM are constant throughout the analysis for solid and
liquid states. The PCM is initially at the fusion temperature, and the
solution was achieved using an iterative procedure. The molten fraction
of PCM, found by using the proposed method, can be seen in Fig. 40.
The theoretical results produced by the authors were not compared to
theoretical or experimental data in other studies.

ElGhnam et al. [105] carried out a comprehensive experimental
study of freezing and melting of water inside spherical envelopes.
Distilled water was chosen as the PCM. In the experiments, they used
spherical capsules made of copper, brass, stainless steel, glass and
plastic with inner diameters of 42, 70, 92, 110 and 126 mm. The
temperature of the HTF, flowing around the sphere with the volumetric
rate of 1, 3, 4, 5 and 7 liters per minute, was maintained at -4, -6, -8, -10
and -12 °C. The PCM temperature inside the spherical capsule was
measured using 13 thermocouples. Figs. 41–43 present only a part of
large volume of experimental data obtained in this work. No correlation
was derived for calculation of solidified mass fraction using this data, as
it was done by Assis et al. in [101].

Chandrasekaran et al. [106–109] performed the comprehensive
experimental investigation of PCM solidification in spherical capsules.
Thus, in [106], they analysed the heat transfer in pure water and water/
nano copper oxide composition. A low-density polyethylene spherical
capsule of 68 mm diameter, filled with the PCM up to 90% of its full

Fig. 39. Experimental data and their comparison: a - variation of the interface position with working temperature; b - variation of the solidified mass fraction with
the capsule size [103].

Fig. 40. Fig 40 Molten fraction as a function of dimensionless time
( = =FoSte)tk T

LR2 [104].

Fig. 41. Effect of the capsule material on the dimensionless time for complete
charging [105].

Fig. 42. Variation of the solidified mass fraction with the dimensionless time
for different capsule materials [105].
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volume, was used in experiments. Five resistance thermometers were
installed to monitor the temperature inside the spherical shell. The
solidified mass fraction was determined at the bath temperatures of – 6
and – 2 °C. The typical experimental result is shown in Fig. 43a. The
solidification process of water/multiwall carbon nanotubes (MWCNT)
composition was investigated in [107]. The deionized water as PCM,
sodium dodecyl benzene sulphonate (SDBS) as a surfactant, Pseudo-
monas as a nucleating agent and MWCNT as a nanomaterial were used
for the preparation of the composite PCM. All additive components had
0.1 wt.%. The typical data obtained is shown in Fig. 43b. The ther-
mophysical properties were not measured. In [108], solidification
characteristics of water, as the PCM, were investigated to define the
effect of volume filled by the PCM in a spherical capsule. In the

Fig. 43. Typical results obtained by Chandrasekaran et al.: a – solidified mass fraction vs time for tbath = =-2 °C [106]; b – solidified mass fraction vs time for
tbath = =-6 °C [107]; c – variation of solidification duration for various volume fills for tbath = =-12 °C [108]; d – variation of solidification duration with solidified
PCM mass for tbath = =-6 °C [109].

Table 6
Solidification time of the nanocomposite PCM (tbath = =-9 °C) [110].

GNP concentration (wt.%) Solidification duration at various radial locations (s) Reduction in solidification duration at various radial locations (%)
r1*= 30 mm r1*=15 mm r3=0 (at the centre) r1*=30 mm r1*=15 mm r3=0 (at the centre)

0 3110 5020 5620
0.3 2990 4890 5010 3.8 2.6 10.0
0.6 2820 4720 4840 9.4 6.0 13.5
0.9 2710 4590 4650 12.9 8.6 17.2
1.2 2590 4480 4450 16.8 10.8 20.6

⁎ From the centre.

Table 7
Thermophysical properties of composite PCMs to be investigated [111].

Property Pure TD TD + 0.5 wt.% NP TD + 1 wt.% NP

ρs (kg/m3) 893.6 903.8 912.0
ρl (kg/m3) 821.6 824.3 826.9
cps (kJ/kg•K) 1.689 1.669 1.655
cpl (kJ/kg•K) 2.342 2.313 2.228
ks (W/m•K) 0.252 0.350 0.451
kl (W/m•K) 0.159 0.180 0.260
μ (mPa•s) 12.50 22.3 54.00
β (K − 1) 0.001005 0.001000 0.000995
Hm (kJ/kg) 227.8 219.5 212.2
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experiments, the spherical capsule was filled with water up to 80, 85,
90, 92, and 95 percent of its full volume. The observations showed that
an increase in the lled volume led to a significant reduction of the de-
gree of supercooling, and it was eliminated in the case, in which 95% of
the total volume was filled, see Fig. 43c. Furthermore, an incremental
change in the filled volume had a considerable effect on advancing the
commencement of solidification. Finally, in [109], the influence of
spherical shell size on solidification characteristics of water were in-
vestigated. The authors studied three different sizes of stainless-steel
spherical capsules filled with PCM up to 90% of its full volume and
maintained at various bath temperatures. The typical dynamics of the
solidification process duration with variation of the bath temperature
can be seen in Fig. 43c.

Sathishkumar et al. [110] conducted the study of solidification
characteristics of water/graphene nanoplatelets (GNP) composition
inside a spherical container. Tests were performed using low-density
polyethylene spherical container with the outer diameter of 72 mm and
the 1-mm wall thickness. Three temperature sensors (resistance ther-
mometers placed along the radius of the container) were used to
monitor the solid-liquid interface motion. The solidification process was
observed for two temperatures of the bath: -9 °C and -12 °C. Table 6
shows the results of one set of experiments.

Liu et al. [111] performed an experimental study of solidification of
the PCM with enhanced thermal conductivity inside a spherical capsule.
The compositions of 1-tetradecanol (TD) with melting point of 37 °C
and highly conductive graphene nanoplatelets (GNP) were used as the

Fig. 44. Instantaneous variation of mass fraction as a function: a - of time at different boundary temperatures; b - dimensionless time Fo at different boundary
temperatures [111].
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PCM. In experiments, three samples (pure TD, TD + +0.5 wt.% GNP,
and TD + +1 wt.% NP) were tested. The results of measurements of
thermophysical properties of samples are summarized in Table 7. Tests
were carried out in a stainless-steel shell with the inner diameter of
57.6 mm and thickness of the wall equal to 1 mm. The spherical cap-
sule, kept preliminarily for 5 hours at constant temperature of 38 °C,
was quickly moved into the water tank, the temperature of which was
set to be 5, 10, and 15 °C. The difference between the melting point and
boundary temperature (ΔT =Tbath - Tm) was 32, 27 and 22 °C, respec-
tively. The results of experiments are shown in Fig. 44. It can be seen in
Fig. 44a that curves noticeably differ from each other. In Fig. 44b, the
solidified fraction presented as a function of dimensionless time Fo and
the curves for each boundary temperature are close to each other. No
correlations for calculations were derived in this work.

In their next study, Liu et al. [112] used the pure 1-tetradecanol as
the PCM in experiments. They used the same experimental rig, which
was employed in [111]. Experimental data obtained in [112] was in a
good agreement with numerical data of Chandrasekaran et al. [109].
Considering that, the measured variations of solidification fraction were
correlated to FoSte using the following polynomial equation with a high
coefficient of determination equal to 0.9933:

= +f FoSte FoSte0.0382 3.32( ) 2.87( )s
0.5 (46)

The regression analysis of data for the dimensionless heat transfer
rate, i.e., Nu number as a function of FoSte produced the equation with
an acceptable coefficient of determination of 0.9228:

=Nu FoSte3.23 exp[ 14.43( )] (47)

The Eq. (47) is valid for 0.015 < FoSte < 0.24.
Temirel et al. [113] carried out an experimental investigation of

solidification of eicosane with and without nano additives inside a

Fig. 45. Comparison of experiments and model predictions for solid fraction, V
* as a function of FoSte for solidification of eicosane with xGnP volume frac-
tions of 0%, 0.52%, 1.04% and 1.57% in water at Twater = =25 °C and in air at
Tair = =25 oC and Uair = =25 m/s. The model prediction is based on Eq. (11)
in the limit of Bi ? 1 for water cooling, and Eq. (11) at Uair = =25 m/s for air
cooling. [113].

Fig. 46. Variation of solidified mass fraction with dimensionless time, obtained for pure PCM (water) and nano-PCM [115].

Table 8
The combined effect of Bi and ε on solidification for Ste = =0.1 (Narasimhan
et al. [116]).

Bi τ = =Fo for complete solidification % reduction in τ
ε = =0 ε = =0.1 ε = =0.3 ε = =0.1 ε = =0.3

0.1 10.75 10.44 8.50 2.88 20.93
1 3.94 3.77 2.69 4.31 31.72
5 3.30 2.84 1.92 13.93 41.81
100 3.17 2.56 1.72 19.24 45.74
500 3.16 2.55 1.7 19.30 46.20

Table 9
The combined effect of Ste and ε on solidification for Bi = =5 (Narasimhan
et al. [112]).

Ste τ = =Fo for complete solidification % reduction
ε = =0 ε = =0.1 ε = =0.3 ε = =0.1 ε = =0.3

0.1 3.06 2.64 1.89 13.56 41.24
0.5 1.9 1.73 1.20 8.94 36.84
0.7 1.84 1.51 1.05 18.09 42.93
1.0 1.56 1.30 0.88 16.66 43.58

Fig. 47. Variations of the molten fraction as correlated to a combination of
scaled dimensionless parameters (FoSte*) for all cases [117].
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spherical shell. Exfoliated graphite nanoplatelets were used as enhan-
cing additives. In experiments, stainless steel spherical shells were used
with inner diameters of 46 and 32 mm and the respective wall thickness
of 2 and 3 mm. The solidification tests were performed in water with
constant temperature and in the convective air flow. Five thermo-
couples were installed inside the larger sphere to monitor development
of the solid fraction volume. Main results of the study are presented in
Fig. 45.

Asker et al. [114] employed the control volume approach and
temperature transforming method for the numerical study of inward
solidification of a PCM inside the spherical capsule, which initially was
not at its melting temperature. Water was considered as the PCM. Va-
lidation of the numerical model used in the study was carried out by
comparison to experimental and numerical data of Ismail and Henri-
quez [95]. The variation of the interface position with time was pre-
sented as a result of numerical simulations.

Sakr et al. [115] performed the comprehensive experimental study
on freezing of pure water and γ-Al2O3/water nano PCM composition.
The experimental test rig consisted of a refrigeration cycle working with
R404A, which was used to cool an aqua solution of ethylene glycol (as
the HTF). Two identical cylindrical tanks with end top and bottom caps,
having a diameter of 200 mm and a height of 900 mm, were used as
charging and discharging spaces. The γ-Al2O3/water nanofluid was
prepared with four different nanoparticle volume concentrations of
0.25, 0.5, 0.75 and 1.0%. A low-density polyethylene spherical capsule
with an inner diameter of 80 mm and thickness of 2 mm was filled with
the PCM, occupying 80% of its inner volume. Eleven calibrated Copper-

Constantan (T-type) thermocouples were used to measure the tem-
perature distribution with an accuracy of± 0.5 °C. A centrifugal pump
was employed to circulate the HTF through the piping system to carry
out the charging and discharging processes in experiments. Some of
results obtained are shown in Fig. 46. Obtained experimental data was
presented as following correlations:

=SF FoSte Ra1 1
48

1/3 1/4 1/4 3.75

(48)

2. The complete charging time is correlated to the Rayleigh number
for pure water with the maximum deviation of± 3% as

=Fo Ra27127 0.567 (49)

3. The complete charging time for NPCM is correlated to Rayleigh
number with the maximum error of± 12% as

=Fo Ra98293.5 0.646 (50)

Additionally, the correlations for the variation of Nusselt number
with time for different values of Rayleigh and Stefan numbers were
suggested.

Narasimhan et al. [116] performed a numerical investigation of
solidification of the PCM impregnated with high conductivity macro
particles inside a spherical container. In order to validate the mathe-
matical model results, they carried out the comparison of theoretical
value of the nondimensional interface position to data of Hill and Ku-
cera [88]. The good agreement was observed between two these two
approaches. The effect of volume particle fraction on the dimensionless
interface position was obtained in the graphical form. Study results are
presented in Tables 8 and 9.

Recently, Zhu et al. [117] has reported the results of their last ex-
perimental study of the inward solidification heat transfer for nano-
enhanced PCMs (NePCMs) in a spherical enclosure. 1-Tetradecanol
with the additives of graphite nanoplatelets, GNP (0 wt.%, 0.5 wt.%,
1.0 wt.%, and 3.0 wt.%), was used as the PCM. The subcooling degree,
i.e., the difference between the melting point and the tank temperature
(ΔTsub==Tm – Tbath), was set at 10, 20, and 30 °C. The thermophysical
properties of samples were measured prior to conducting tests. Results
on the molten fraction change for three boundary temperatures and
FoSte converge together at the constant loading (see Fig. 47), and the
following correlation was suggested for calculations:

=
+

f exp B FoSte
A FoSte

[ ( )]
1 ( )m (51)

where A and B are coefficients to be determined by curve fitting, as
given in Table 10.

The trends in variations of the surface-averaged Nu number were
similar to that for variations of molten fraction. A slightly different form
of exponential function for the correlation was employed after per-
forming curve fitting exercise:

=Nu exp B FoSte
A FoSte
[ ( )]

( ) (52)

where the values for A and B are listed in Table 11.
Ehms et al. [118] undertook the numerical investigation of the so-

lidification process of erythritol in spheres with dimeters of 10, 20, 30-
and 40-mm and with the wall temperature, which is 10, 15, 20, 25, 30,
and 40 K below the phase change temperature of the material. The
problem was considered as a two-dimensional in geometry and tran-
sient in time. The computational domain geometry was spherical; it was
filled for 98.5% with the PCM and the remaining volume was filled with
air. To maintain constant pressure, the upper part of the sphere was
opened, allowing air to enter the sphere. Validation of numerical results
was performed by comparison with the numerical and experimental
results of Assis et al. [90], using RT27 as PCM, contained in a spherical
shell with diameter of 40 mm and ΔT = =20 K. A good agreement
between two sets of data was observed, see Fig. 49. Based on obtained

Fig. 48. Comparison of variation of the molten fraction with dimensionless
parameter FoSte to data of Assis et al. [101] (Source: [118].

Table 10
Constants as determined by curve fitting for Eq. (51).

GNP content (wt.%) A B R2

0.0 30.45 4.71 0.975
0.5 73.86 2.60 0.983
1.0 47.25 3.40 0.981
3.0 24.08 4.41 0.986
0.0 – 3.0 41.61 3.62 0.944

Table 11
Constants as determined by curve fitting for Eq. (52).

GNP content (wt.%) A B R2

0.0 18.62 1.11 0.929
0.5 11.36 7.57 0.925
1.0 11.46 3.04 0.962
3.0 10.05 0.03 0.931
0.0 – 3.0 16.68 1.23 0.912
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numerical results, Ehms et al. [118] suggested the following correla-
tion:

= =LF FoSte[1 (3.8 ) ]1/2 2 (53a)

Above in Section 3.2, we considered the results of experimental
investigation of the time of complete melting of water and water-
polyethylene glycol blends inside a spherical capsule reported by Lago
et al. [84]. In this paper, the time of complete solidification has also
been studied. The experiment details were described above. Fitting
experimental results of PCM solidification duration inside the spherical
plastic shell allowed getting the following correlation:

= ×t D T W1.09 10 (1 ) .complete solidification bath
8 2.704 1.243 0.781 (53b)

The range of application of correlation (53b) is 0.076
m ≤ D ≤ 0.131 m; 0.075 (7.5%) ≤ W ≤ 0.5 (50%);

−10 °C ≤ Tbath ≤−25 °C. The comparison of the predicted results
with the experimental measurements indicated good agreement and
maximum deviation was to be less than 6%.

3.4. Melting and solidification in finned spherical capsules

Fan et al. [119] recently have undertaken an experimental and
numerical investigation of the constrained melting of PCM in a

Fig. 49. Experimental spherical capsule rig with an annular fin [119].

Fig. 50. Variation of the molten fraction with time for various fin heights: a – measured and predicted values versus dimension time; b – measured values versus
dimensionless time [119].
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circumferentially finned spherical capsule. The experimental rig, used
in work, is shown in Fig. 49. The spherical capsule, as well as water
tanks, were made of Plexiglas to provide transparency in the experi-
ment. The aluminum annular-shaped fin was mounted between two
hemispherical shells with flanges. The inner diameter of the assembled
capsule was 100 mm, with a wall thickness of 2 mm. The fin thickness D
was fixed at 2 mm, while the effective fin height H inside the sphere
was varied. To maintain the solid PCM at the fixed position, a thin wood
stick with a radius of 1 mm was used. The comparison of experimental
data and computational results is presented in Fig. 50a. The measured
melting duration times are 98, 86, 78, and 69 min for the cases, in
which H/R was equal to 0, 0.25, 0.5 and 0.75, respectively. The cor-
responding predicted values were 94, 84, 75, and 67 min, respectively.
The actual melting rate was overestimated by a small margin in the
numerical simulations. The relative reduction of the melting time for
the finned cases, in which H/R= 0.25, 0.5, and 0.75 with respect to the
"no fins" base case was found, in both experimental and numerical
studies, to be approximately 11, 20 and 29%, respectively. Thus, the
adding a circumferential straight fin with H/R = 0.75, enhanced heat
transfer by 30%. Using the approach, suggested by Kamkari and Sho-
kouhmand in [120], Fan et al. [119] proposed the following correlation
for calculation of the molten fraction in terms of the modified di-
mensionless time and fin height

=
+( )

f exp
Fo

1.6262 1.6166
1

0.2003m

H
R

0.6

(54)

where coefficients were determined by curve fitting of results shown in
Fig. 50b.

As it can be seen, the measured changes in the molten fraction al-
most coincide with the curve, calculated by the above correlation. The
coefficient for curve fitting is as high as 0.9989 with a very small re-
lative deviation, being within only± 3%. Since the Gr and Ste numbers
were kept constant in the study, then these are not present in the cor-
relation.

Govindaraj et al. [121] carried out investigation of the melting and
solidification processes in a spherical container with the following three
configurations: without fin, with circumferential fin and, finally, with
orthogonal fin, see Fig. 51. Each capsule has the opening at the top for
the filling by PCM and inserting thermocouples vertically. All these
stainless-steel spherical capsules had an internal diameter of 88 mm
and a wall thickness of 1 mm. The finned spherical capsule had the fin
surface area of 5,976 mm2. Commercial paraffin wax with the phase
change temperature ranging between 50.5 and 63 °C was used as the
PCM. Fig. 52 compares the total time needed for charging and dis-
charging spherical containers with different orientations. It can be seen
in Fig. 52 that the time duration required for complete charging of
PCM, was longer compared to the discharging process. The prolonged
duration for the charging process is due to the inclusion in the process

Fig. 51. Cross section of spherical container with different fin configurations i) without fin; ii) circumferentially finned spherical container; iii) orthogonally finned
spherical container [121].

Fig. 52. Comparison of melting and solidification times for different finned
spherical capsules [121].

Fig. 53. The cut section of the meshed model of the PCM sphere with pins
[121].
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Fig. 54. Design modifications of the sphere: (a) a plain plastic sphere, (b) a plain sphere encapsulated with 32 copper pins, and (c) a copper-plated sphere with 32
internally built copper pins [122].

Fig. 55. Comparisons of Ansys CFD software results with various types of encapsulation for HTF with ṁ = =0.021 kg/s and Tin = =−26 °C and the PCM initial
temperatures (a) Tinit = =24 °C, (b) Tinit = =2 °C; [122].

Fig. 56. Configurations of capsules with different fin numbers [123].
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of sensible heat energy.
Aziz et al. [122] studied the effect of the heat transfer enhancement

in the thermal energy storage (TES) system with PCM, encapsulated in a
sphere. To enhance the performance, the spherical capsule was mod-
ified by deploying pins and copper plating. Computational simulations
with the use of Ansys CFX V15 software were compered to data from
experimental studies. The tested TES system comprising a single en-
capsulated PCM sphere (see Fig. 53) with a diameter of 74 mm and
containing 32 square copper pins, which are 25.4 mm in length and
with a cross-section of 2 × 2 mm, was located in the middle of a well-
insulated cylindrical tank. Three configurations of the sphere, see
Fig. 54, were used in the study. The first configuration was a sphere
with an outer diameter of 74 mm, encapsulated by 2.5 mm-thick
medium density polyethylene. The same sphere was modifed for an-
other two configurations using additional conducting pins embedded
into the sphere and copper plating.

The PCM, used in the study, was potable water. The HTF was a
viscous fluid capable of operating at −40 °C, namely Dynalene HC-40.
The range of mass flow rate used in the simulation studies was in the
range between 0.031 kg/s and 1.0 kg/s. Typical results obtained are
shown in Fig. 55. There was no evaluation of the effect of pin numbers,
pin material and its dimensions on the heat transfer characteristics.

Just recently, Jia et al. [123] reported the results of experimental
and numerical studies of a spherical PCM container with pin-fins for
cold storage and its optimization. In contrast to [122], Jia et al. [123]
investigated the effect of circular pin numbers. The influence of the pin
length and diameter was also studied to obtain their optimal value. The

configurations of the spherical containers with different pin numbers
are presented in Fig. 56. The spherical shell, with the inner diameter of
40 mm and wall thickness of 2 mm, was welded to the inner pins so that
molten PCM can be placed into the encapsulation between the outer
shell and inner pins. The shell and fins are both made of the 6061-
aluminum alloy. The capric acid-lauric acid-oleic acid (CA-LA- OA)
composite was chosen as the PCM. The simulation of the solidification
process was carried out using ANSYS Fluent 18.0 software. The outer
wall temperature of the capsule TL for all cases was set to 7 °C, while
their initial temperature To was assumed to be 22 °C. The study was run
using four different fin numbers of capsules: 0, 2, 4 and 6 (cases Capsule
0, Capsule Num_2, Capsule Num_4 and Capsule Num_6, respectively).
The experiment was performed for two different initial temperatures:
To = =22 and 25 °C. The experiments were repeated three times to
ensure the reproducibility of experimental data. A comparison of the
simulated values and experimental data produced a good agreement
with deviations less than 6.9%. The main results are shown in Fig. 57.
The comprehensive numerical simulation results, which the authors
obtained, were not used for deriving the correlation for the di-
mensionless times as a function of dimensionless parameters, which
account for physical properties of the PCM, materials of the spherical
shell, number and dimensions of pins and sphere.

3.5. The effective thermal conductivity correlations of the PCM constrained
melting in spherical envelopes

Investigations of Bedecarrates et al. [33, 36] have shown the use of

Fig. 57. Results of analysis: a – Charging rate and accumulated cold stored in each capsule; b – influence of pin number on PCM filling ratio, pin effectiveness and
charging time; c – influence of L/R on PCM filling ratio, pin effectiveness and charging; d – influence of pin diameter on PCM filling ratio, pin effectiveness and
charging time [123].
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the effective thermal conductivity in modeling the melting heat transfer
of water inside spherical capsule permits to simplify the mathematical
modelling the packed bad LHSS. These studies stimulated set new re-
search on the effective thermal conductivity of PCMs.

Amin et al. [124] using CFX Ansys 12-1 program developed a CFD
simulation model of heat transfer in phase change material contained in
a spherical capsule. In the developed model, the buoyancy forces of the
PCM are ignored. The PCM was set as a homogeneous binary mixture of
water and ice, with the default thermal properties of 0 ˚C reference
temperature. Therefore, the density, thermal conductivity, and other
properties of the PCM were assumed constant in the numerical simu-
lations, which only varies marginally over the temperature range con-
sidered. For validation of simulation results, the experimental study of
charging (solidifying) and discharging (melting) modes in the spherical
thermal energy storage capsule of 74 mm in diameter and 2.5 mm
thickness has been conducted. Glycol solution was used as heat transfer
fluid while the water was served as the PCM. The experimental test
results are given in Table 12. Comparing melting tests to the SFD
modeling results, it was suggested the following empirical correlation
for estimation of the effective thermal conductivity of the PCM (water)
in the spherical enclosure:

= +
k
k

Ra0.3847·10 · 1.5859.eff 7
(55)

The equation is valid for 6.8 × 106 < Ra <4.4 × 107. The hy-
draulic diameter of the PCM used for calculation Rayleigh number Dpcm
is the inner diameter of the sphere.

Liao et al. [125] studied numerically the constrained melting pro-
cess of the PCM (NaNO3) in a spherical shell (steel) with an inner
diameter 50 mm and a shell thickness of 0.2 mm. The numerical
modeling results is then validated by comparing with the experimental
data obtained by Fan et al. [119] for n-octadecane as the PCM (Fig. 58).

As seen in Fig. 58, the results predicted by the used simulation model
agree well with experimental results, and deviation is smaller the 3%.
Based on this comparison, it was proposed for estimating the effective
thermal conductivity the following empirical correlation:

= < < ×
k
k

Ra Ra0.174 , for 10 5 10 .eff 0.323 3 8
(56)

Here the characteristic length of the Rayleigh number is the gap
spacing δ between the solid-liquid interface and the inner surface of the
spherical shell.

Recently, Gao et al. [126] applied a new approach in developing an
effective thermal conduction correlation for the prediction of natural
convection affected constrained melting process inside a sphere. In
contrast to previous studies [124, 125], the present approach is based
on considering the melting fraction α (the dimensionless parameter as it
was shown in previous sections) is widely used for the melting problem.
The used numerical model was validated by comparison of predicted
results with experimental data of Tan [48]. Numerical studies result in
the following correlation of the effective thermal conduction was pro-
posed

=
k
k

Ra0.129 .eff 1.407 0.257
(57)

The correlation is valid for 1.5 × 104 ≤ Ra ≤ 6.3 × 107; 17 ≤ Pr
≤ 550; 0.011 ≤ Ste≤0.276. Here the characteristic length is δ==Ro

– Ri = =Ro (1– (1– α)1/3). Fig. 59 presents the comparison between the
predicted results of Gao et al. [126] for the melting fractions inside a
sphere and the results obtained with using correlations of other re-
searchers. It is seen that the predictions made by the correlations of Gao
et al. [122] and Raithby and Holland [127] are in good agreement with
experimental data of Tan [46] and Fan et al. [119]. It is worth noting

Fig. 59. Comparisons of melting fractions predicted by correlation (57), NC
model and the results for the melting inside a sphere obtained in other works
[126].

Fig. 58. Comparison of the liquid fraction during the melting process between
the Fan et al. [119] result (Exp. [10]) and the simulating result of Liao et al.
[125] (Pre.).

Table 12
Parameters of HTF and PCM during melting tests [124].

HTF mass
flow rate
(kg/s)

PCM initial
temperature (˚C)

HTF inlet
temperature (˚C)

Effective thermal
conductivity (W/mK)

0.058 ̶28 18 1.9
0.052 ̶27 12 1.3
0.056 ̶27 11 1.21
0.054 ̶28 8 1.1
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that the correlation of Raithby and Holland was obtained for single
phase natural convection heat transfer between concentric spheres. The
correlations of Amin et al. [124] and Liao et al. [125] are overestimate
the molten fractions observed in experiments.

4. Discussion

State of the art on investigations of phase change materials inside
spherical shells was analyzed in this paper. Below we discuss the main
results of reviewed works.

Constrained melting. As it was shown in Section 3.1, the constrained
melting studies were described in eight publications [47-54]. Compar-
ison of the time fixed profiles of PCMs in Fig. 2–Fig. 9 clearly shows that
the physics of melting process of the fixed solid PCM is very complex.
From experiments, it follows that the sliding of solid takes place during
its melting, and the rate of sliding depends on the design of the fixing
elements and Stefan number. A comparison of the above figures reveals
that not all mathematical models, used for the description of con-
strained melting, adequately describe the real physical process of
melting. As it follows from Fig. 6, that only 3-D numerical simulation,
performed by Galione et al. [51], produces results close to experimental
observations. Thus, available numerical simulation and experimental
results are not fully sufficient to firmly recommend a certain correlation
for ultimate evaluation of the complete time of melting and the rate of
constrained melting. It essential to emphasize that Li et al. [52] were
close to obtaining the correlation, derived from using numerical data
(see Fig. 7), for calculation of the molten fraction as a function of di-
mensionless time. The shortcoming was that generalization of results
for unconstrained melting was not performed to the level as in Assis
et al. [71], Archibold et al. [74, 78, 79].

Unconstrained melting. Unconstrained melting inside a sphere, as it
follows from Section 3.2, was studied to a larger extent compared to the
constrained melting. Thus, the unconstrained melting was studied in 26
papers [55-84] with experimental studies being described in eleven
works [48, 60, 66-68, 71, 73, 75, 77, 80]. In all these works, except [60,
68, 81], studies on PCM melting were performed in water baths. All
obtained data from these experimental investigations was used for
verification and validation of the developed mathematical models.
Toksoy and İlken [60], Ettouney et al. [68], and Hariharan [81] have
studied the charging and discharging processes in the spherical con-
tainer with the PCM in the airflow. Using produced experimental data,
they proposed dimensionless correlations for calculation of the time for
complete melting and solidification, as well as heat transfer between
the spherical container and the ambient HTF (air). Taking into account
the fact that water, salt compositions, and oil (as heat transfer media)
are often used in many heat storage systems, it is reasonable to study
heat transfer characteristics of PCMs in containers of the spherical form.
The time of complete melting of PCMs can be evaluated by using
analytical correlations, suggested by Bahrami and Wang [56], Fomin
and Saitoh [65], and Veerappan et al. [72]. The accuracy of correlations
derived in these works is quite high with errors, not exceeding 20%.
The results of all experimental works, which are under discussion, are
presented in graphical and tabulated forms for better comparison pur-
poses. The absence of numerical data restricts the range of application
of dimensionless correlations and their further usefulness. The appli-
cation of experimental results for the verification and validation of
mathematical models is of paramount importance. It is necessary to
mention the experimental work of Eames and Adref [66, 67]. These
works are the only works in which the rate of energy stored was found,
and having information on such an important parameter is very bene-
ficial for practical purposes. As far as numerical studies are concerned,
it is worth pointing out that there is a trend to present results as di-
mensionless correlations, relating main parameters in the melting of
PCMs [71, 74, 77-80]. It necessary to mention that the first correlation
(15) obtained by Assis et al. [71] was based on their own experiments.
All other numerical simulation results were verified with experimental

data presented in [71]. It would also appropriate to highlight the work
of Bulunti and Arslantürk [70], who reported main results in the gra-
phical form, and which could be further turned into a dimensionless
correlation.

Solidification. As presented in Section 3.3, the process of solidifica-
tion was studied at least in 34 published papers. The analytical corre-
lations for determination of the time of solidification were obtained in
[85, 86, 88-93]. The minimum time required for complete solidification
and determined in the above works for the sphere, immersed in the
media with a constant temperature, was of the same magnitude and can
be expressed by Eq. (25). According to Hill and Kucera [92], the
maximum time of complete solidification can be evaluated using the
correlation (35).

The experimental studies were performed in [66, 67, 91, 105-113,
115, 117], however, the results obtained in these works do not always
correlate with each other. All comments made above on the study of
Eames and Adref [66, 67] of melting process, are also relevant and valid
for the solidification stage of the process. The comprehensive study of
Assis et al. [101] resulted in the correlation (45) for the calculation of
the molten fraction during the solidification process. The correlations
obtained in other experiments in [115, 117,118] are also used for
practical applications. The change in the solidified mass fraction in
time, reported in [106, 107], was obtained for two compositions based
on water. The absence of measured thermophysical properties and
presentation of data only in the graphical form makes results less at-
tractive for practical purposes. It should be noted that the experiments
performed by Chinese researchers in [112, 117] are completed with
proposed dimensionless correlations (46), (47), (48), and (49). How-
ever, most of numerical studies do not produce dimensionless correla-
tions, which could expand the applicability of their investigations. An
example of an exception in this list is [101].

Melting and solidification in finned and pinned spherical containers. To
our knowledge, there are four works, [119, 121-123], in which the
phase change characteristics of PCMs inside finned or pinned spherical
enclosures were studied. Fan et al. [119] suggested Eq. (54) for eva-
luation of the molten fraction as a function of the dimensionless time
and height of circumferential fin. The second study of Govindaraj et al.
[121] clearly demonstrated that the application of orthogonal fin is
preferable compared to circumstance one. The results of [123] after
revision by Jia et al. can be presented in the form of a dimensionless
correlation.

The effective thermal conductivity correlations of the PCM constrained
melting in spherical envelopes. As it was shown, there are only three
publications [124-126], in which the correlations of the effective
thermal conduction have been proposed. The comparison of these
correlations in [126] that results of predictions made with using cor-
relations of Amin et al. [124] and Liao et al. [125] are significantly
overestimate of melting rate in comparison with experiments as well as
prediction calculated by the correlation of Gao et al. [126]. These sig-
nificant discrepancies are mainly caused by inadequate choosing the
characteristic size δ in the Rayleigh number that reflects the hydraulic
gap between the phase change interface and the inner diameter of
spherical shell. The range of applicability of the correlation (59) of Gao
et al. [126] is restricted by the cases considered in [126] and cannot
captured all potential PCMs.

Table 13 summarises the brief data of all reviewed original papers.
Results from nine publications have restricted applicability for solving
practical issues. The results in most investigations are applicable only in
the narrow range of conditions, applied in each case. Applicability of
the proposed analytical equations requires rigorous validation by ex-
perimental data. The most of experimental, analytical, and numerical
studies were performed for the cases in which the spherical capsules
were placed in the baths with a constant temperature, though in nu-
merous real applications, a heat transfer fluid flows around the cap-
sules.
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5. Conclusions

It is well known that the thermal processes, involving convective
heat transfer are difficult to be described without using criterial equa-
tions with dimensionless parameters due to the large amount of solid,
liquid, and gaseous matters participating in the process of heat transfer.
Melting and solidification of PCMs are not exceptions from this rule. As
highlighted, research groups of E. M. Sparrow and R. Viskanta carried
out fundamental investigations on heat transfer in PCMs in the USA.
However, these studies had mainly of an academic character. The rapid
development of technology and creation of a large amount of per-
spective PCMs, which can be efficiently and feasibly used in practice,
stimulated a new round of intensive investigations on the heat transfer
in PCMs. These studies were aimed at determination of the duration of
complete melting or solidification processes and the rate of energy
storing or releasing in the process of phase change. This review shows
that the most studies on the PCM melting and solidification were per-
formed at a fixed HTF temperature, which is the simplest case for de-
scribing outside thermal conditions. Such approach does not ensure
high accuracy calculation of the practical heat transfer characteristics
for available PCMs. There is an obvious shortage in comprehensive and
systematic experimental studies of the heat transfer during PCM
melting and solidification, covering a wide range of phase change
materials, heat transfer fluids, types of heat exchangers and initial and
boundary conditions. Therefore, the following recommendations can be
made for future work in this field:

1 For PCMs, the heat transfer characteristics of which are being in-
vestigated, their thermophysical properties should be reliably
measured including the melting point, heat of fusion, thermal con-
ductivity, density, specific heat in the solid and liquid state as well
as viscosity in the temperature region close to the melting point.

2 When melting and solidification behaviour of the mixtures or
compositions is investigated, then their thermophysical properties
should be also accurately measured. Particularly it concerns the
viscosity in the mushy zone, which may vary by several orders of
magnitude. Practice shows that incorrect value of this parameter
significantly contributes to the departure of numerical simulation
results from experimental data.

3 To simplify verification of numerical data, it is advisable to present
experimental results in both tabular and graphical forms.

4 The experimental or numerical results of investigations are re-
commended to present in the dimensionless form.

5 Along with the presentation of correlations for calculation of the
change in liquid fraction, it would be useful to produce correlations
for calculation of the energy storing/releasing rates, the rate of
melting/solidification, and the time required for complete melting/
solidification.

6 Further investigations of phase change behaviour of PCMs inside a
spherical capsule, exposed to the flow of typical heat transfer fluids,
are necessary.

7 Systematic comparison of all known correlations with the use of all
available experimental database would be very beneficial for prac-
tical applications.
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