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Abstract: Utilizing the phase change materials in different thermal storage applications attains valuable attention 

due to the fascinating thermal properties of these materials. The comprehension of the thermal behaviour of phase 

change materials during the melting and solidification is considered a significant priority in designing the shape 

of the different containers. In this review, analytical, computational and experimental investigations that address 

solidification/freezing of phase change materials within thermal energy storage systems are discussed. Emphasis 

is placed on the role of the shape of adopted containers encompassing planar, spherical, cylindrical and annular 

vessels. Energy storage for solar thermal applications, waste heat recovery, and thermal management of 

buildings/computing platforms/photovoltaics has been the topics that benefit from these investigations. For all 

container shapes, the freezing process is controlled initially by natural convection, and a high solidification rate is 

observed. Later, the conduction dominates the process, and the freezing rate declines. The temperature and flow of 

cooling heat transfer fluid affect the solidification process, but the impact of heat transfer fluid temperature is more 

significant than its flow rate. Also, the freezing time increases with the container’s size and amount of contained 

PCM. The aspect ratio of the planar and vertical cylindrical cavities substantially influences the discharging time 

and rate. In contrast, the orientation of the annular cavity has a lower impact on the discharging process. 

Keywords: containers, freezing, phase change materials, phase transformation, solidification 

1. Introduction 

1.1 Overview 

Uninterrupted supply of dispatchable energy to 
residential/commercial/industrial sectors generally 
equipped with fossil resources/nuclear power stations has 
required significant technological advances in recent 

decades. In response to the energy crisis of the early 
1970’s, greater focus was placed on alternative and 
renewable energy sources. Since then, greater challenges 
with the nuclear reactors’ safety and instability of 
pricing/supply of fossil fuel resources, in addition to 
more focus on the environment, have prompted greater 
adoption of alternative sources of energy such as solar, 
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wave, wind, etc. It appears that the national/regional 
policies directed at the more comprehensive realization 
and utilization of such systems are widely promulgated. 

1.2 Thermal energy storage systems 

The intermittency nature of renewable energy 
resources requires the layout and exploitation of reliable, 
robust and effective thermal storage systems. The 
development of energy storage systems has long been 
considered the main obstacle to the deeper utilization of 
renewable energy resources. Thermal energy is 
characterized as the lowest grade of energy, leading to the 
usage of terms such as waste heat. In addition, the 
abundance of thermal energy such as geothermal energy, 
solar radiation and thermally stratified layers in oceans 
provides other opportunities for its conversion to proper 
energy forms. Based on these discussions, thermal energy 
storage (TES) can be considered an accumulator/ 
capacitor system (buffering/thermal battery). TES can 
provide comfortable conditions in buildings, economical 
energy conservation, adding to the thermal management 
of electronics and improving the effectiveness of 
industrial applications [1, 2].  

1.3 Phase change materials and thermal conductivity 
enhancers 

TES techniques that involve manipulation of sensible 
or latent energy through heating or cooling a bulk of 
material are identified as the thermophysical approach, 
whereas upon reversing the process, energy becomes 
available. The isothermal behaviour of phase change 
materials (PCM) resulted in a considerable utilization of 
them in TES by adopting a preference for their higher 
latent heat absorbed/released during phase-change 
conversion. The PCMs can be used effectively in many 
applications, such as solar systems [3], buildings [4], 
cooling of electronics [5], and other applications. 
Examples of PCM are paraffin, salt hydrates, sugar 
alcohols, fatty acids, etc., with their fusion temperatures 
varying over a wide range. In fact, various materials are 
appropriate for utilization in low-, medium- to 
high-temperature TES systems. Most PCM exhibit 
relatively low conductivity, which in turn leads to a 
degradation of transported heat during discharging/ 
charging processes. Including high thermal-conductivity 
materials (fins/wools/foams) leads to a PCM/additives 
component which is a logical approach. Interactions of 
heat transport mechanisms with the adopted 
configurations of these inserts remain complex issues to 
investigate. 

Transport/thermal properties, improvement of 
transferred heat, encapsulation, effects of enclosure 
geometry and system-related issues encompassing PCM 
have been reported. Melting/solidification cycles of 

phase change are inherently time-dependent. Elucidating 
the relevant transported thermal mechanisms (i.e. 
diffusion and convection) observed in these TES and 
their competing/cooperating roles have not been widely 
discussed. Given the greater importance of TES in recent 
years, Fan and Khodadadi [6] reviewed literature 
focusing on improving the effective PCM thermal 
conductivity through the inserting of fins. Another review 
by Dhaidan and Khodadadi [7] focused exclusively on 
the role of high thermal conductivity fins in modifying 
the performance of latent heat thermal energy storage 
(LHTES) systems. Also, involving the metal foam, 
dispersing the nanoparticles, encapsulation, and multiple 
(cascade) PCMs can be considered as other techniques to 
enhance PCM performance [8–12]. Also, the influences 
of the operating conditions, geometrical parameters, and 
thermal enhancement techniques such as fins, metal 
foams, heat pipes, and multiple phase change materials 
on the melting and solidification of PCM were reviewed 
[13, 14]. Many articles reviewed the melting or charging 
of PCM in various containers [15–18]. In contrast, PCM 
discharging was rarely discussed in previous reviews. 
The present article serves as a timely discussion of the 
solidification of PCM in different shaped containers. The 
freezing of PCM in planar, spherical, cylindrical and 
annular vessels are reported in Sections 2, 3, 4, and 5, 
respectively. 

1.4 General features of PCM discharging in any 
enclosure 

The PCM discharging in a generic enclosure is 
illustrated in Fig. 1. The melting temperature, latent heat 
of phase-change, and thermal conductivity of PCM are 
denoted by Tm, k, and λ, respectively. Initially, the PCM 
exists in a liquid phase of temperature Tini, where 
(Tini>Tm). The thickness of the mushy zone depends 
primarily on the melting temperature range. Part or total 
of the enclosure’s boundary is subjected to a cooled 
environment, which may be constant temperature Tw 
(Tw<Tm) or connective cooling heat transfer coefficient 
(hHTF) of heat transfer fluid (HTF). Consequently, the 
freezing front progresses from the cooled boundary 
toward the other parts of the enclosure. Convection 
dominates the early period of the freezing process. Later, 
as the PCM temperature decreases, the conduction 
develops and dominates the freezing process. The 
progress of the freezing front depends on the temperature 
difference between the PCM temperature and cooling 
environmental temperature (ΔT). Also, the discharging 
process can be characterized by the Stefan number (Ste) 
and Rayleigh number (Ra), which are defined as:  
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where Cp, α, ν, and β are the specific heat, thermal 
diffusivity, kinematic viscosity, and thermal expansion 
coefficient of PCM, respectively. 

The characteristic length Lc is identified according to 
the container’s shape as:  
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               (3) 

where H is the height of the rectangular and vertical 
containers; Rin represents the inner radius of the spherical 
and vertical cylindrical cavities, and (Rs–Rt) is the 
difference between the shell and tube radii of the annular 
enclosure. 

 

 
 

Fig. 1  Schematic representation of the PCM discharging in 
the arbitrary enclosure’s shape 

2. Discharging of PCM within Planar Thermal 
Storage Units 

Discharging and charging of PCM in planar thermal 
storage units is considered the most important due to its 
wide-range applications such as rectangular containers, 
plate heat exchangers, PCM panels, thermal batteries, 
and various PCM-integrated building construction 
materials (roof, walls and glazing systems), etc. 
Moreover, PCM’s shorter melting and solidification time 
in these units compared to those in cylindrical cavities 
for the same PCM heat transfer area and volume have led 
attention to consider them in similar applications [19]. 

Jiji and Gaye [20] applied the quasi-steady 
approximation to analyze the melting and freezing of 
PCM in a 1-D slab (Fig. 2). The impact of a uniform 
volumetric energy generation within the slab was 
considered to retard the phase conversion process during 
solidification. The analytical results proved that complete 
solidification occurs without reaching a steady-state 
condition for a heat generation parameter above 2. In 
contrast, reaching a steady-state condition with 
incomplete solidification occurred for a heat generation 
parameter lower than 2.  

Vynnycky and Kimura [21] performed an analytical 
and numerical study to examine the freezing of a PCM in 

a rectangular enclosure considering the natural 
convection. The enclosure was differentially cooled on 
the vertical sides, while the horizontal sides were 
thermally insulated (Fig. 3). The asymptotic analysis was 
performed regarding the Rayleigh and Stefan numbers, 
while the numerical simulation was solved using the 
finite element method. The analytical results fitted well 
with the computational ones for approximately 90% of 
the enclosure’s height at all time. However, the analysis 
overestimated the final thickness of the solidified layer in 
the final 10% of the total solidification time. 

 

 
 

Fig. 2  Phase-change in the 1-D slab (Jiji and Gaye [20]) 

 

 
 

Fig. 3  Schematic representation of the freezing in the 
rectangular cavity (Vynnycky and Kimura [21]) 

 
Lazaro et al. [22] tested the PCM-air heat exchanger 

on a real scale of two vertically-positioned prototypes. 
Prototype 1 used aluminium pouches filled with an 
inorganic PCM, while prototype 2 utilized aluminium 
panels filled with organic PCM. The proposed 
configuration was used for free cooling where the air of 
low temperature could be used for PCM solidification 
during the night, while the indoor building air could cool 
down through PCM melting during the next day. It was 
inferred that the PCM-air heat exchanger could enhance 
the thermal performance more than utilizing a PCM with 
higher thermal conductivity. 
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Vitorino et al. [23] investigated the kinetics of the 
solidification process numerically, considering the 
combining effects of heat conduction in the growing 
solidified layer, conduction through the enclosure wall 
and heat transfer into the cold HTF. A finite-difference 
method-based suitable transformation of variables has 
been developed for simulation. The numerical results’ 
accuracy was achieved when compared with analytical 
ones, which consider only conduction through the 
solidified layer. Further solutions were obtained for 
solidification behaviour that was controlled mainly by 
isolating walls or by the thermal inertia of the phase 
change material.  

Dolado et al. [24] developed an experimentally- 
validated one-dimensional conduction model to describe 
the melting/solidification of a thermal energy system 
consisting of a real-scale PCM-air heat exchanger (Fig. 
4(a)). The PCM was macroencapsulated in aluminum 
slabs with bulges (Fig. 4(b)). The total quantity of 
organic paraffin-PCM in the thermal energy system unit 
was about 135 kg. The influence of the hysteresis 
phenomenon on thermal performance has been included 
in the model and considered for the PCM enthalpy- 
temperature curve. Also, an effective thermal 
conductivity was adopted to consider natural convection 
within the melt PCM. The solidification time was 
extended by 10% due to an increment in the 
computational value of the PCM enthalpy over its 
measured value. In contrast, the reduction in 
solidification time can be achieved by increasing the 
average phase change temperature and airflow rate, 
increasing the PCM slab’s length and rugosity and 
decreasing the PCM slab’s thickness. 

Teggar and Mezaache [25] presented a conduction 
model to evaluate the inward solidification of a PCM 
(water) inside a flat plate-storage unit. Solidification was 
realized by circulating ethylene glycol (HTF) through 
parallel plates, which contained water PCM. The model 
was validated as its results had an agreement with the 
reported results in the literature. The results revealed that 
the solidification did not start immediately (Fig. 5) due to 

sensible heat resulting from the difference between initial 
and phase change temperatures. Also, the solidification 
rate decreased with time due to the additional thermal 
resistance of the growing solidified layer. 

Iten et al. [26] experimentally explored the thermal 
traits of the PCM panels-air unit. The dimensions of a 
single PCM panel were 0.02 m×0.25 m×0.5 m. The size 
of the main air duct was 0.218 m×0.25 m×2.2 m. The 
charging and discharging time, heating/cooling load and 
effectiveness over the phase transition were investigated 
under the influence of flow rate and inlet temperature of 
the air. The solidification time was reduced with the 
increase in air flow rate. The maximum reduction in the 
time was observed when the air inlet velocity increased 
from 0.6 to 1.6 m/s. The effectiveness achieved its 
highest values for both melting and solidification 
processes for lower air inlet velocity, but the heating and 
cooling loads registered lower values. Moreover, it was 
proved that the air inlet temperature significantly 
impacted the solidification time. 

Prieto and Gonzalez [27] studied the melting and 
solidification of two PCMs (RT60 paraffin and fatty acid 
palmitic acid) inside horizontal and vertical rectangular 
panels computationally. The vertical panels were 
subjected to isothermal conditions, while the upper and 
lower surfaces of the horizontal panels were kept at a 
fixed temperature. The influences of wall temperature 
and PCM thickness (aspect ratio) were analyzed. The 
negligible difference in the mean heat fluxes for two 
orientations of the plates was observed for solidification 
due to the vanishing role of natural convection. 

Waqas and Kumar [28] evaluated the effects of inlet 
temperature and air flow rate on the cold accumulation in 
the PCM rectangular unit experimentally. The paraffin 
(SP29-rubitherm GmbH) was contained in the galvanized 
steel storage cells of dimensions 0.5 m×0.5 m×0.01 m. 
The PCM-air heat exchanger unit could be effectively 
utilized for building ventilation where the stored coolness 
at night was used to cool the hot ambient air during the 
daytime. It was observed that the time for complete 
solidification was reduced with a higher flow rate and  

 

 
 

Fig. 4  (a) Experimental setup, and (b) aluminum slabs filled with PCM (Dolado et al. [24]) 
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Fig. 5  Transient solidified mass fraction (Teggar and 
Mezaache [25]) 

 
lower inlet temperature of the air. However, the air 
temperature was more pronounced in the solidification 
process than the airflow rate. 

Hu et al. [29] verified and developed a 1-D 
mathematical model to describe the impact of 
supercooling on the PCM solidification within the plate. 
The predictions revealed that increasing the degree of 
supercooling led to an extension of the solidification 
process and reduced the maximum heat flux during the 
entire discharging process. It was deduced that neglecting 
the supercooling’s influence caused a substantial 
inaccuracy in the results for PCMs to own a high degree 
of supercooling.  

Zhou et al. [30] performed an experimental study to 
assert percussion vibration’s effectiveness in discharging 
supercooled salt-PCM in a rectangular thermal storage 
container. Five PCM storage units were immersed in a 
water tank. Each unit had dimensions of 600 mm×400 
mm×20 mm with a wall thickness of 1.5 mm. Percussion 
effectiveness was presented for assessment of percussion 
influence on the activation of solidification. The findings 
revealed that the larger momentum of percussion 
vibration near the cover lid and edges of the unit led to 
the activation of PCM solidification. 

Allouhi et al. [31] presented a 2-D computational 
model to assess the incorporation of the PCM layer in 
improved water solar collector design for utilization in 
rural regions. Charging and discharging of n-eicosane 
PCM were studied for different climatic conditions, 
thickness and melting temperature of PCM and flow rate 
of HTF. The results revealed that the optimum values of 
PCM set temperature, PCM thickness, and mass HTF 
flow rate are 313 K, 0.01 m, and 0.0015 kg/s, 
respectively. It was observed that the melting and 
solidification processes were highly influenced by 
incident solar radiation.  

Kumar et al. [32] experimentally evaluated the 
influences of flow rate and temperature of HTF and the 
energy storage capacity on the transient thermal 
behaviour of melting and the solidification of PCM 

inside a plate heat exchanger. The PCM comprised only 
10% of the total mass of the system. The net PCM 
volume was 0.122 mL. The experimental findings 
revealed that the solidification process was less sensitive 
to the inlet temperature and flow rate of HTF.  

Zarajabad and Ahmadi [33] presented a numerical 
investigation to determine the effective PCM volume 
mounted on the ceiling of a freezer cabin depicted in Fig. 
6. It was pointed out that increasing the PCM thickness 
maintained the freezer cabin’s coldness for a longer 
duration. The discharging time per unit of PCM mass did 
not vary linearly with the PCM thickness. It only 
increased by 3.3% as PCM thickness changed from 1 to 2 
cm, but it developed by 45% when PCM thickness varied 
from 2 to 3 cm. 

 

 
 

Fig. 6  Physical model of freezer cabinet and PCM container 
(Zarajabad and Ahmadi [33]) 

 
Ghosh et al. [34] simulated a paraffin wax’s 

solidification process in rectangular and spherical 
cavities for different sizes and thermal boundary 
conditions. The predictions proved that the freezing time 
is the lowest for the highest Stefan number and lower for 
the spherical cavity than for a rectangular cavity. Also, 
the influence of natural convection is small; solidification 
is considered a conduction-dominated process. 

Nada et al. [35] conducted an experimental 
investigation to explore the charging and discharging of 
PCM plates and the possibility of utilizing them for 
building free cooling where a low-temperature difference 
exists between fresh air and the PCM melting 
temperature. The TES system involves 20 aluminium 
plate panels filled with the PCM. These panels were 
positioned horizontally in three columns in staggered 
distribution. Each PCM panel had dimensions of 0.42 
m×0.29 m×0.015 m. The influences of flow rate, the 
temperature of air and the required number of PCM 
plates to accomplish fresh air requirements were 
researched. The findings indicated that the combined 
increase in discharge and outdoor temperature of fresh air 
and the number of PCM plates caused a decrease in 
solidification duration. Also, complete solidification of 
the PCM could not ensure the low-temperature difference 
between the PCM melting temperature and air 
temperature at night. 
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Santos et al. [36] conducted experiments on PCM 
charging and discharging in panels to evaluate the 
thermal performance of the PCM-air heat exchanger 
utilized as a thermal battery module. Two modules of the 
thermal battery were investigated: the 9-panels module 
(13.5 kg PCM) and the 7-panels module (17.5 kg PCM). 
The airflow rate was constant at 75 L/s, while the air 
temperature was 30°C for melting and 15°C for 
solidification. It was found that increasing the amount of 
PCM increased the amount of released/absorbed thermal 
energy by PCM and melting and solidification time.  

Bhamare et al. [37] presented a 3-D heat transfer 
computational model to assess the thermal performance 
of charging and discharging of PCM integrated roof (Fig. 
7) of different inclination angles for the climatic 
conditions of India in January. The predicted results 
showed that incorporation of the PCM in the roof 
structure maintained the narrow range of ceiling 
temperature within 25.5°C–27.5°C and reduced peak heat 
loads. In addition, the inclination angle of PCM-slab of 
2° resulted in a 2.38°C reduction in the maximum ceiling 
temperature and a 16% saving in the heat gain compared 
with that at noon. 

 

 
 

Fig. 7  A schematic representation of the physical model 
(Bhamare et al. [37]) 

 

Elsheniti et al. [38] reported a dramatic reduction in 
computational time by proposing a novel simplified 1-D 
computational model (Enhanced Conduction Model, 
ECM) to assess the photovoltaic PV-PCM panel during 
melting and solidification processes. The model 
considered the impact of free convection by an enhanced 
equivalent thermal conductivity. The predicted results of 
the model were compared with CFD results for various 
aspect ratios and inclination angles. Both models were 
verified with the published experimental data. 
Insignificant deviations between the two models were 
observed (Fig. 8). The optimum values of inclination 
angles were determined for different seasons. The 
PV-PCM panel system showed a higher thermal 
performance than the PV system for all seasons. Moreover, 
the influence of PCM thicknesses was also evaluated. 

Gürel [39] inspected the influences of different 
geometries of plate heat exchanger (PHE), the 

temperature of HTF and the kind of PCM and its 
thickness on the solidification of PCM. The PCM 
involved in the space between corrugated steel plates of 
PHE, as shown in Fig. 9. It was concluded that the 
solidification time was reduced by decreasing the phase 
change temperature and thickness of PCM and lowering 
the inlet temperature of HTF. Also, for the same 
geometric features, operating conditions and PCM 
volume, it was found that the freezing time of the PHE 
storage system was decreased by 63% compared to that 
exhibited by the cylindrical storage unit. 

 

 
 

Fig. 8  The average temperature of the front surface at 
different inclination angles (Elsheniti et al. [38]) 

 

 
 

Fig. 9  Schematic representation of a corrugated PHE-PCM 
system (Gürel [39]) 

 

 
 

Fig. 10  Liquid fraction for various capsule shapes (Patel et al. 
[40]) 
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Patel et al. [40] conducted a comprehensive 
computational study to inspect PCM’s charging and 
discharging behaviour inside various shape macro- 
capsules. The considered capsules were cubical, spherical, 
triangular, and plus. The experimental facility was 
developed to validate the computational model. The 
conduction mechanism dominates the solidification 
process; however, natural convection prevailed in the 
process’s initial duration. Also, it was found that the 
triangular capsule attained a higher thermal performance 
during melting and solidification processes, among other 
capsules. The PCM freezing duration in the triangular 
capsule was shortened by 15.82% lower than that of the 
spherical capsule (Fig. 10). Moreover, the reduction of 
27% in the triangular capsule size led to a decrease of 
19.17% in solidification time. 

A summary of the studies associated with the 
solidification of PCM within planar TES units is 
provided in Table 1. It is released from the above 
literature that the solidification time varies inversely with 
the melting temperature range of the PCM and the 
thickness of the planar cavity. Also, the solidification 
time decreased with the increase of flow rate or/and the 
decrease in inlet temperature of the HTF. In addition, the 
initial temperature of PCM has an insignificant effect on 
the freezing duration, but the surface temperature 
dramatically influences the solidification process. 

3. Freezing of PCM in Spherical TES Capsules 

Among the various geometrical configurations of 
containers holding PCM, spherical shells exhibited the 
best thermal performance due to their high value of the 
outer surface area relative to the quantity of PCM 
material that can be encapsulated [41]. In addition, the 
shortest time for thawing and freezing were related to the 
spherical capsules [42]. Moreover, a spherical capsule is 
easily fabricated and packed in thermal energy storage 
devices. 

Chan and Tan [43] carried out experiments on the 
discharging of PCM inside an aluminium spherical 
capsule under various surface temperatures (3°C, 8°C, 
and 13°C) and different initial liquid superheats (0°C, 
2°C, and 8°C). It was observed that the freezing rate was 
large, and the freezing front propagated concentrically 
toward the center of the sphere during the initial periods 
of the solidification process. As time travelled, the 
freezing rate deteriorated, and the freezing front was 
irregular due to the shrinkage of the solid PCM and voids 
formation. Moreover, the PCM initial liquid-superheat 
showed an insignificant effect (Fig. 11(a)) on the 
solidified PCM, while the surface temperature indicated 
an important influence (Fig. 11(b)). 

 
 

Fig. 11  Solid fraction variation with (a) various initial liquid 
superheat, and with (b) different surface temperatures 
(Chan and Tan [43])  

 
Ismail and Moraes [44] explored the solidification of 

various PCM (water and mixtures of water with different 
Glycol contents) in a spherical vessel. The influences of 
surface temperature (–25°C to –5°C), diameter 
(0.035–0.131 m) and the material of the vessel (plastic 
and glass) were considered. It was indicated that the 
freezing time increased with the Glycol content and 
surface temperature, and diameter of the vessel. Also, 
increasing the thermal conductivity of the vessel’s 
material led to an acceleration of the solidification 
process. 

Veerappan et al. [45] developed validated analytical 
models to evaluate the charging and discharging of five 
PCM types within the spherical capsules. The models 
considered conduction, natural convection, and heat 
generation. The predictions pointed out that the 
CaCl2·6H2O PCM achieved excellent freezing and 
thawing features; therefore, it can be used effectively for 
solar latent heat storage applications. Also, the initial 
temperature of PCM had an insignificant influence on the 
solidified fraction.  

Wu et al. [46] introduced a computational study to 
examine the thermal features of thawing and freezing of 
n-tetradecane PCM inside spherical capsules of packed 
bed cool thermal energy storage systems. A higher cool 
stored and released rate was observed at the initial time, 
and afterwards, they decayed as time progressed. 
Increasing the HTF inlet temperature and/or decreasing 
the flow rate of HTF caused an extension of time for 
complete discharging. Also, the solidification time was 
increased for the lower porosity of the packed bed. Next, 



DHAIDAN Nabeel et al.  Discharging of PCM in Various Shapes of Thermal Energy Storage Systems: A Review 1133 

 

Wu and Fang [47] simulated the freezing of myristic acid 
PCM. Water was used as HTF in the thermal storage 
system with a solar heating collector (Fig. 12). It was 
found that the latent efficiency (the instantaneous 
released latent heat divided by the maximum    
released heat) was increased with the inlet temperature of 
HTF. Also, no significant impact of the initial 
temperature of the packed bed on the solidification time 
was found. 

ElGhnam et al. [48] evaluated the influence of design 
parameters of the storage unit (size and material) and 
operating conditions of HTF (temperature and flow rate) 
on the discharging and charging of water within the 
spherical cavity experimentally. The spherical vessels 
were fabricated from various materials (stainless steel, 
copper, brass, plastic, and glass) with different diameters 
(0.042–0.11 m) of thickness 0.001 m. The experimental 
outcomes exhibited that the discharging rate was 
accelerated by employing metallic and small size 
capsules, and lower temperature and higher flow rate of 
HTF. Also, it was found the thermal conductivity of the 
vessel material had a relatively insignificant influence on 
the solidification characteristics. 

Archibold et al. [49] numerically analyzed the 
influences of the Grashof, Stefan and Prandtl numbers on 
discharging sodium nitrate in a spherical capsule. The 
PCM filled the capsule partially, while the air was 
contained in the top part of the capsule. A finite 

 

 
 

Fig. 12  Schematic configuration of solar thermal packed bed 
storage system (Wu and Fang [47]) 

volume-based enthalpy-porosity technique and 
volume-of-fluid model were utilized to simulate the 
freezing front and PCM-air interface. The results 
indicated that decreasing the temperature variation 
between the melting temperature and capsule’s surface 
temperature from 5°C to 15°C resulted in a 25% decrease 
in freezing duration. Also, the role of natural convection 
had a smaller contribution to the thermal behaviour of the 
freezing process than conduction. 

Elmozughi et al. [50] presented a 3-D numerical 
model to examine the melting and solidification process 
of high-temperature PCM (sodium nitrate) in the 
spherical capsule of a 20% air void. The capsule was 22 
mm in diameter and at a constant-wall temperature. It 
was observed that the solidified molten salt began at the 
bottom of the capsule and progressed upward gradually, 
as observed in Fig. 13. The growing solidified PCM 
suppressed the exchanged heat between the liquid PCM 
and cold HTF, which extended the solidification time. In 
addition, the discharging time was ten times longer than 
the charging time. 

Reddy et al. [51] investigated the impact of the 
material of the capsule’s wall on the melting and 
solidification of PCM inside spherical capsules 
experimentally. The diameter of the capsule was 68 mm. 
The capsules employed materials: aluminium, high- 
density polyethylene (HDPE), and mild steel. The storage 
unit was integrated with a flat plate solar collector where 
water was utilized as HTF. An insignificant effect of the 
capsule’s material on the thermal feature of the TES unit 
was indicated.  

Chandrasekaran et al. [52] experimentally explored 
the freezing features of water (PCM) in a spherical 
storage cell with different fill volumes (80%, 85%, 90%, 
92% and 95%) for various surrounding bath temperature 
conditions (–12°C, –9°C, –6°C, and –3°C). The cell was 
made of low density polyethylene with a diameter of 69 
mm. It was inferred that increasing the PCM fill volume 
alleviated the supercooling problem, which was 
eliminated at a fill volume of 95%. Also, earlier onset of 
the discharging and reduction in the solidification 

 

 
 

Fig. 13  The solid-liquid interface during solidification at various time instants (Elmozughi et al. [50]) 
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Fig. 14  Impact of the bath temperature on the temperature at 
the center of the capsule for the case of 90% fill 
volume (Chandrasekaran et al. [52]) 

 

time was observed when increasing the fill volume. On 
the other hand, the HTF temperature influenced the 
commencement of freezing, as illustrated in Fig. 14. The 
same authors [53] performed experiments to inspect the 
discharging traits of water-PCM-filled 90% of stainless 
spherical vessels of various diameters (74–100 mm). The 
vessels were subjected to different surrounding bath 
temperatures (–12°C, –9°C, and –6°C). The experimental 
outcomes indicated that the subcooling effect was 
decreased with the increase in the vessel diameter and 
was eliminated totally at higher temperature potential for 
all the vessel diameters. Also, the freezing interface 
rapidly progressed in the larger vessel than the smaller 
one until 75% of the water mass was solidified, and this 
influence was clearer at higher temperature driving 
potential. 

Asker et al. [54] applied the control volume approach 
and temperature transforming method to examine the 
inward solidification inside a spherical capsule 
numerically. The storage unit was subjected to a 
convective heat transfer environment of coolant fluid. 
The predictions indicated that the freezing time was 
shortened with the decrease of the diameter of the 
capsule and the coolant fluid temperature. Meanwhile, 
the entropy generation varied positively with the capsule 
size and fluid temperature. 

Ismail et al. [55] performed experiments to assess the 
influences of the wall temperature (–20°C to –5°C) and 
size of the spherical shell (35–131 mm in diameter), and 
the initial temperature of PCM at the time of charging 
and discharging processes. In addition, the results of 
these time durations were correlated with the influencing 
factors. The findings revealed that decreasing the wall 
temperature or reducing the concentration of 
polyethylene glycol resulted in shortening the 
solidification time. Also, there was a good agreement 
between predicted results from correlations and 

experimental measurements, with maximum differences 
being lower than 10%. 

Liu et al. [56] proposed an experimental technique to 
examine the inward discharging of PCM contained in 
stainless steel spherical capsules of diameter 59.6 mm 
quantitatively. The method depended on the PCM’s 
dynamic measurement of transient volume shrinkage. 
The monitoring of the descending liquid PCM in the 
scaled tube is illustrated in Fig. 15. The agreement 
between the measured volume shrinkage and the 
maximum theoretical values at the end of the discharging 
process indicated the reliability and verification of the 
proposed technique. Measured values of the solidification 
fraction and surface-averaged Nusselt number were 
correlated with the Fourier and Stefan numbers. 

 

 
 

Fig. 15  Schematic diagrams of the test section and the scaled 
tube of liquid PCM (Liu et al. [56]) 

 

Pop et al. [57] developed a simple mathematical 
model to describe the thermal behaviour of the 
melting/solidification PCM inside a spherical shell. They 
reported that the validated mathematical model could be 
utilized effectively to analyze thermal-flow behaviour in 
the latent TES unit. 

Ehms et al. [58] computationally examined the 
solidification process of the erythritol-PCM in a spherical 
vessel that was cooled by HTF. The influences of the 
capsule’s diameter and wall temperature were examined 
as presented in Fig. 16. It was found that at the beginning 
of the solidification process, the rate of formation of the 
solid phase was high. Later, the heat flux was reduced 
due to the growth of the solid layer and the associated 
thermal resistance. Also, it was confirmed that the 
vessel’s size was the main impact on the discharging 
process. Furthermore, the liquid fraction was correlated 
as a function of the Fourier and Stefan numbers, thus 
adjusting the existing correlations in previous works. 

Nazififard et al. [59] developed a computational model 
that was validated experimentally to simulate paraffin 
wax-PCM’s solidification inside a spherical cavity with 
constant wall temperature. For the same initial and wall 
temperatures, it was found that utilizing a smaller cavity 
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Fig. 16  Instantaneous liquid fraction for different sizes of sphere and wall temperature (Ehms et al. [58]) 
 

led to an acceleration in the solidification of PCM. Also, 
the wax near the cavity’s inner wall solidified quicker 
than at the cavity center. 

Loem et al. [60] experimentally and numerically 
studied the melting and freezing of RT-42 PCM inside 
celluloid balls of a 0.04 m diameter which were heated 
and cooled by air. The time required for solidification 
increased with the PCM thickness. On the other hand, the 
solidification period was shortened by increasing the 
mass flow rate of air for all PCM thicknesses. Also, the 
results of estimated instantaneous air temperature leaving 
the bed for various PCM bed thicknesses and airflow 
rates were correlated for both charging and discharging 
processes.  

Mawire et al. [61] experimentally inspected the 
melting/solidification of PCM encapsulated in a spherical 
aluminium cell of 0.05 m in diameter. Four PCM were 
considered: erythritol, adipic acid, high-density 
polyethylene (HDPE) and eutectic solder. The sunflower 
oil with different flow rates (4, 6, and 8 mL/s) was 
utilized as HTF to charge/discharge the PCM. The 
experimental findings revealed that the eutectic solder 
experienced the most effective thermal characteristics 
during both thawing and freezing cycles. The discharging 
time was reduced with the increase in the HTF flow rate. 
Also, adding nucleating agents enhanced erythritol and 
adipic acid’s phase change transition characteristics. 

Vikram et al. [62] fulfilled experiments to inspect the 
solidification characteristics of deionized water dispersed 
with additives of soluble salts and nucleating agents at 

 
 

Fig. 17  Schematic representation of composite heat sink (Gao 
et al. [63]) 

 

various concentrations in a spherical encapsulation. The 
additives of sodium chloride and D-sorbitol were utilized 
to reduce or eliminate the major problem of subcooling 
in water. It was observed that adding 0.5 wt% sodium 
chloride exhibited lower subcooling. In addition, 
increasing the sodium chloride dispersion led to 
increased viscosity, decreased thermal conductivity, and 
delay in the formation of nucleation sites. Also, 
dispersion of D-sorbitol resulted in a faster rate of 
nucleation sites’ creation. 

Gao et al. [63] developed a 3D numerical model that 
was validated experimentally to inspect the thermal 
characteristics of the composite heat sink. The sink was 
packed with the low melting point metal (LMPM) 
spherical macrocapsules filled with PCM (Fig. 17). The 
system exhibited an excellent thermal management 
performance compared to a heat sink cooled by 
convection. It was concluded that increasing the flow rate 
of the HTF and/or reducing the size of spherical 
LMPM-PCM macrocapsules resulted in decreasing the 
heat source average temperature and shortening the period 
of the de-pulse stage and duration of the solidification. 
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Lago et al. [64] inspected the influences of the size 
and the temperature of the spherical shell (35–131 mm) 
and the initial temperature of PCM on the charging and 
discharging time experimentally. Water or a mixture of 
polyethylene glycol and water were tested as PCM. It 
was deduced that increasing the polyethylene glycol 
content in the PCM resulted in an extension of the 
duration of solidification for all wall temperatures of the 
shell. Also, the freezing time was increased with the rise 
in the diameter of the spherical shell and wall (or bath) 
temperatures. The resulting correlation for the freezing 
time agreed well with experimental data with 5.91% as a 
maximum discrepancy. 

Gao et al. [65] performed a computational study to 
analyze the thawing and freezing processes of PCM in a 
spherical cell interconnected with heat pump system. It 
was observed that an increase in the thickness of the 
solidified layer of PCM during the solidification process 
led to a reduction in convection between liquid PCM and 
the wall of the spherical wall. Besides, the solidification 
process was affected significantly by the diameter of the 
spherical vessel. 

 Lipnicki et al. [66] developed a simple analytical 
model depending on a conjugate differential equation 
system to assess the solidification of PCM inside a 
spherical cell. Also, the experiments were conducted to 
validate the theoretical model. The experimental findings 
of the freezing front were consistent with the predicted 
ones from the model, in which the natural convection of 
liquid melt was not considered. 

An outline of the studies dedicated to the freezing of 
PCM within spherical capsules is presented in Table 2. It 
is inferred from the discussion of the above literature that 
the diameter or the size of the spherical capsules and the 
cooling environmental temperature has a major impact 
on the discharging time of the PCM. Also, the influence 
of the initial superheat is negligible. 

4. Solidification of PCM in Cylindrical Thermal 
Storage Vessels 

Cylindrical vessels that contain PCM can be utilized 
as plain tube heat exchangers where PCM can exchange 
thermal energy with external circulating HTF. These 
vessels have simple geometry and can be fabricated using 
straightforward manufacturing methods. Along with 
spherical capsules, cylindrical vessels are preferred for 
thermal energy storage applications due to their 
favourable surface area-to-volume ratio [67].   

Bilir and Ilken [68] applied the control volume 
approach to explore numerically the inward freezing of 
PCM encapsulated in cylindrical or spherical containers. 
The total freezing time was correlated with the Biot 
number, the Stefan number, and superheat parameter. The 

resulting correlations were reliable and could be used in 
many engineering applications with high accuracy. 

Kalaiselvam et al. [69] proposed validated analytical 
models to examine the melting and solidification of three 
PCM types inside cylindrical containers. The 
“conduction” model and “conduction and heat 
generation” model were used to analyze the solidification 
process. It was found that the model considering the 
conduction and heat generation was more accurate in 
predicting the freezing front. The predictions proved that 
the freezing time varies positively with the Stefan 
number and inversely with the heat generation parameter. 
Furthermore, the 60% n-tetradecane + 40% n-hexadecane 
mixture PCM indicated more excellent phase-change 
characteristics than the two other kinds of PCM.  

Lu et al. [70] presented a numerical investigation to 
analyze the solidification and melting phenomena during 
the cold filling process of molten salt inside a horizontal 
cylindrical pipe using the volume-of-fluid model. The 
predicted results showed the maximum thickness of 
solidified layer caused a maximum flow velocity. Also, 
the boundary heat flux decreased in the thawing process 
and increased in the freezing process. Furthermore, it was 
found that the inlet conditions of flow (inlet temperature 
and inlet velocity) could significantly affect the filling 
characteristics. 

Rajeev and Das [71] presented a numerical solution of 
inward discharging of liquid PCM in cylindrical and 
spherical containers cooled isothermally. For both 
containers, the solid-liquid interface’s velocity decreased 
with the Stefan number, and it was reduced as the 
interface moved towards the center of the containers. In 
addition, for the same Stefan number, the freezing 
duration of PCM within a cylindrical vessel was longer 
than that in a spherical one. Moreover, they reported that 
the proposed model could be effectively utilized to 
design latent thermal storage units. 

Sridharan [72] investigated the impact of the aspect 
ratio on the thawing and freezing of PCM within a 
vertical cylindrical vessel computationally. The aspect 
ratio was defined as the height to the diameter of the 
capsule. The predicted results proved that the higher 
solidification time resulted from a small aspect ratio (or 
high Grashof numbers). Also, the velocity of natural 
convection currents decreased dramatically during 
freezing regardless of the aspect ratio. Therefore, the 
conduction mechanism was dominant during the freezing 
process. 

Motahar and Khodabandeh [73] experimentally 
studied the influence of utilizing a heat pipe on the fusion 
and discharging features of n-octadecane paraffin in a 
vertical cylindrical storage unit placed within the 
reservoir of a constant-temperature bath. The test cell 
was a transparent acrylic glass tube with a height of 130 
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mm and a diameter of 25 mm. The experimental outcome 
pointed out that the freezing rate was substantially 
enhanced by utilizing the heat pipe. The transient 
movement of the solidification front on the surface of the 
heat pipe was photographically presented (Fig. 18). In 
addition, it was observed that a decrease of 10°C in the 

temperature of the reservoir reduced the solidification 
time by 49%. 

Alexiadis et al. [74] developed a simulated model 
based-Smoothed Particle Hydrodynamics (SPH) method 
to evaluate both solidification and natural convection of 
multiple cases of PCM within a cylindrical pipe that its  

 

 
 

Fig. 18  Evolution of the solid layer on the heat pipe during charging for a constant wall temperature of 5°C (Motahar and 
Khodabandeh [73]) 

 

 
 

Fig. 19  Temperature distributions and velocity vectors for (a) static regime and (b) dynamic regime (Alexiadis et al. [74]) 
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walls were maintained at a constant temperature. It was 
shown that the PCM flow could be static, dynamic, or 
pseudo-static. In the case of the static regime, the effect 
of natural convection is minimal, and the freezing front 
moves axisymmetrically from the wall of the pipe to the 
center (Fig. 19(a)). In contrast, in the dynamic regime, 
buoyancy forces were developed due to density variation, 
and solidification does not grow symmetrically. The 
thicker solidified layer around the wall was observed in 
the bottom part of the pipe (Fig. 19(b)). Two competitive 
processes characterized the pseudo-static regime: a 
buoyancy-driven boundary layer and the advancing 
freezing front. As a result, solidification occurs faster 
than the time required for developing the buoyancy- 
driven boundary layer. Also, simple correlations were 
derived for predicting the solidification time of a given 
PCM. 

Stamatiou et al. [75] presented the temperature-based 
approach combined with a quasi-stationary 
approximation model to describe the solidification of 
paraffin wax inside a vertical cylindrical tank. The 
five-loop tube carrying cooling HTF was inserted inside 
the tank. A test rig was also constructed to validate the 
simulated results. The predicted and experimental results 
of power output agreed well, which indicated the high 
accuracy of the model. Based on the fast and satisfying 
accurate results, it was reported that the developed model 
could be utilized effectively to design the heat storage 
unit. 

Han et al. [76] experimentally examined the influences 
of the Stefan number, height and radius of the cylindrical 
cavity, and superheating factor on the final freezing 
configuration of PCM in a cylindrical cell. The cell had 
different radii (24–35.5 mm) and various heights (10–50 
mm). Three morphologies (concave shape, Gaussian- 
distribution-like shape and the inside-hole shape) of 
solidified PCM were observed successively with the 
cavity height increasing. Also, the Stefan number 
strongly affected the final solidification of the PCM 
strongly, as shown in Fig. 20. In contrast, the 
superheating factor had a negligible impact on the final 
solidification shape. 

 

 
 

Fig. 20  The final shapes of solidified PCM for different 
Stefan numbers (Han et al. [76])  

Izgi and Arslan [77] developed a three-dimensional 
model to assess the different factors in the discharging 
process of PCM encapsulated within a vertical 
cylindrical cavity. The effect of the natural convection 
was involved in the computational model. The cavity was 
exposed to a convective cooling environment. It was 
observed that the natural convection role was significant 
during the freezing process’s early duration. Then, the 
conduction mechanism dominated the entire process. 
Also, the cavity diameter had an important impact on the 
freezing process, while the influence of cavity height was 
not noticeable.     

Olfian et al. [78] computationally researched the effect 
of employing a corrugated U-tube on the thermal 
characteristics of an evacuated tube solar collector 
(ETSC)-integrated PCM (Fig. 21) during charging and 
discharging modes. In all cases, the corrugated tube 
system exhibited higher performance than the smooth 
tube system. The influences of geometric parameters 
(corrugation depth and pitch and a number of lobes) on 
the thermal behaviour of the system were assessed. The 
system’s daily operation was enhanced due to the 
extension in the time of discharging process at night. 
Among all geometric parameters, the number of lobes 
had the greatest influence on thermal performance.  

 

 
 

Fig. 21  Schematics diagrams of (a) ETSC, (b) ETSC-integrated 
PCM, and (c) U-corrugated tube (Olfian et al. [78]) 

 
A summary of the studies devoted to the discharging 

of PCM in cylindrical cavities is presented in Table 3. 
From the above literature, it is concluded that the 
cylindrical cavity’s size greatly impacts the discharging 
process. Still, the diameter of the cavity has a more 
significant effect than that of the height of the cavity. 
Also, the flow rate and temperature of flowing HTF 
affect the discharging process.  
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5. Discharging of PCM in Annular Heat Storage 
Units 

In most annular storage units, the heat transfer fluid 
(HTF) passes through an inner tube, whilst the PCM is 
contained inside the annular space between the inner tube 
and outer shell. This configuration of PCM container can 
be effectively used as a heat exchanger due to its simple 
structure, higher thermal performance, minimum volume 
of PCM, and lower heat losses [79, 80]. The annular heat 
storage unit can be positioned vertically or horizontally.  

Trp [81] examined transient thermal characteristics of 
charging and discharging in the annular cell 
experimentally and numerically. The water flowed in the 
internal tube as HTF, while the technical grade paraffin 
was enclosed inside the shell-and-tube space, as 
described in Fig. 22. The test unit was composed of two 
concentric tubes. The diameter of the copper inner tube 
was 0.035 m, while the brass outer tube had a diameter of 
0.128 m. A reasonable agreement was observed between 
predictions and experimental findings for isothermal 
solidification. Also, it was reported that the numerical 
solution could be used effectively to provide the thermal 
performance and design optimization of the LHTES. 

 

 
 

Fig. 22  Latent thermal energy storage system, and thermal 
energy storage unit (Trp [81]) 

 
Jian-you et al. [82] evaluated computationally and 

experimentally the charging and discharging processes in 
triplex concentric tubes. The inner tube’s length and 
diameter were 3100 and 15 mm. The middle tube had an 
inner diameter of 80 mm and a length of 3000 mm. Also, 
the length and inner diameter of the outer tube were 3040 
and 90 mm, respectively. The PCM was filled in the 
middle channel, with hot HTF flowing in the outer 
channel during the charging process and cold HTF 
flowing in the inner channel during the discharging 
process (Fig. 23). The numerical analysis considered that 
the conduction dominated the phase-change process. The 
reasonable agreement between numerical and 
experimental results led to the possibility of accurately 

using the numerical approach for designing and 
evaluating the LHTES systems’ thermal performance. 

 

 
 

Fig. 23  Schematic configuration of LHTES unit (Jian-you et 
al. [82]) 

 
Ezan et al. [83] estimated the influence of different 

geometric and operating conditions (shell size, tube 
material, flow rate and inlet temperature of HTF) on the 
thawing and freezing of water held in the annular space 
of a horizontal heat exchanger experimentally. The radii 
of the inside and the outside of the inner tube were 15 
and 25 mm, respectively. The solid-liquid interface was 
monitored by an electronic ice thickness measurement 
method. The findings indicated that the inlet HTF 
temperature significantly influenced the solidification 
process, among other parameters. 

Lipnicki and Weigand [84] presented a theoretical 
model and experimental study to prove the significant 
influence of the contact layer between a cooled wall and 
solidified water on the solidification process in a vertical 
annular cavity. The inner tube diameter, outer tube 
diameter, and height of the annular channel were 134, 
200, and 170 mm, respectively. It was shown that the 
growth rate of the frozen layer was slow, and the thermal 
resistance of the contact layer was time-dependent at the 
beginning of discharging process. At later time instants, 
quick growth of a solidified layer of ice was observed. 
Also, the thermal resistance of the contact layer can be 
deemed constant for longer time. 

Longeon et al. [85] experimentally and numerically 
studied the thawing and freezing of RT35-PCM in a 
vertical annular storage unit. The inner steel tube 
diameter of 15 mm and the outer Plexiglas shell of a 
diameter of 44 mm formed the annular cavity of PCM. 
The influence of HTF injection configurations (top and 
bottom) inside the inner tube was assessed. The results 
indicated that the freezing interface travels upward with 
an oblique shape (Fig. 24), and the influence of natural 
convection was insignificant during the discharging 
process. Moreover, a bottom injection of HTF was 
recommended for discharging process because the PCM 
solidified first at the bottom of the unit, and liquid PCM 
could refill the voids.   

Avci and Yazici [86] explored the charging and 
discharging of paraffin in the horizontal annular cavity of 
a shell and tube storage unit experimentally. A 3.3 kg of 
PCM filled the annular space formed between an inner 
copper tube of 28 mm in diameter and a polypropylene  
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Fig. 24  (top) Photographs of experimental transient progress of the liquid fraction, (bottom) Numerical liquid fractions and 
temperature distribution during solidification process with bottom injection of HTF (Longeon et al. [85]) 

 

shell of 110 mm in diameter. The time-variation of the 
PCM temperature field was measured to evaluate the 
phase-change processes. The experimental findings 
showed an abrupt variation in the temperature of PCM 
during the beginning of the discharging process due to 
the large temperature difference between HTF and 
paraffin. The natural convection was effective initially; 
however, the conduction mechanism dominated the 
solidification process at later instants. Moreover, 
decreasing the inlet temperature of HTF accelerated the 
discharging process, as indicated in Fig. 25. 

Solomon et al. [87] offered an experimental 
investigation to inspect the influence of subcooling on 
the outward solidification of RT-21 PCM contained in the 
annulus of a vertical double pipe heat exchanger. The air, 
as cooling HTF, flowed through the inner tube of 75 mm 
in diameter. The shell was made from acrylic 140 mm in 
diameter. It was noticed that the highest cooling rate was 
near the entry zone of the HTF stream. Also, the increase 
in the subcooling effect and a decrease in the 
solidification temperature of the PCM resulted in a 
higher cooling rate. Further, it was observed that 
increasing the inlet velocity of air beyond a certain value 
had a negligible impact on the solidification process for 
the high-temperature difference between the PCM and 
the HTF. 

Jesumathy et al. [88] conducted experimental work to 
explore the influences of operating conditions of HTF on 
the thawing and discharging of PCM in a horizontal 
double pipe heat exchanger. The paraffin wax was 
contained between an inner brass tube of 43 mm in 
diameter and an outer shell of 98 mm in diameter. The 
outcomes pointed out that the mechanism of heat 
conduction dominated the solidification process. Also, 
the operating conditions of the HTF had a more 
pronounced effect on the charging process compared to 
their influence on the discharging process.  

Hosseini et al. [89] performed an experimental and 
computational study to examine the characteristics of 
charging and discharging of RT50-PCM in a horizontal 
shell and tube heat exchanger. The diameters of the shell 

 
 

Fig. 25  Temporal variations of PCM temperature near the 
shell surface as registered by thermocouple (T44) at 
different inlet temperatures (Ti) of HTF (Avci and 
Yazici [86]) 

 

and tube were 85 and 22 mm, respectively. They defined 
the theoretical efficiency of the heat exchanger, which 
measured the sufficiency of exchanged energy between 
PCM and HTF for completing the phase-change 
conversion.  It was found that HTF temperature had less 
effect on the solidification process.  Raising the HTF 
temperature from 70°C to 80°C only increased the 
theoretical efficiency of the solidification process from 
79.7% to 81.4%. 

Ismail et al. [90] introduced a numerical investigation 
supported and validated by experimental findings to 
study the solidification of PCM (water) along a 
horizontal tube inside the insulated shell. The simulations 
utilized the boundary immobilization technique. Good 
agreements were achieved between predicted results and 
experimental data of the model on one side and between 
predicated results and numerical findings of the literature 
on another side. They reported that this validation and 
agreement confirmed that the immobilization technique 
could be used reliably to solve phase change problems.  
Also, the temperature of HTF had a marked impact, 
whereas the flow rate of HTF had a moderate impact on 
the solid-liquid interface position and velocity, the 
solidified fraction, and the solidification time. 
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Kibria et al. [91] computationally and experimentally 
researched the discharging and charging of paraffin wax 
in an annular heat exchanger. The inner diameters of the 
tube and shell were 10.8 and 36.0 mm, respectively. The 
computational investigation depended on the iteration of 
the temperature and thermal resistance model. The results 
revealed that the inlet HTF temperature and radius of the 
internal tube had a stronger influence on the 
solidification process than the flow rate of HTF and 
thickness of the tube.  

Yazici et al. [92] experimentally investigated the 
impact of the eccentricity in a horizontal tube-in-shell 
thermal energy storage system on the discharging 
behaviour of paraffin PCM. The eccentricity (either 
upward or downward) was generated as the centers of the 
inner tube, and the outer shell did not coincide. The 
eccentricity values ranged from –30 mm to 30 mm. The 
cold heat transfer fluid (water) flowed inside the inner 
tube diameter of 28 mm, while the outer shell of diameter 
of 100 mm was thermally insulated. It was found that 
both upward and downward eccentricity prolonged the 
solidification time. Therefore, the concentric mode 
should be favoured to attain improved performance of 
PCM solidification.  

Bechiri and Mansouri [93] developed an analytical 
model to conduct a parametric study of thawing and 
freezing in an annular TES unit. The influences of the 
HTF flow rate, storage unit length, and tube radius on the 
features of phase change processes were evaluated. The 
model was validated by comparing the analytical results 
with the experimental and numerical results found in the 
literature. A dramatic decrease in PCM temperature was 
indicated at the first stage of solidification. Then, this 
decrease was more gradual at later time instants since the 
conduction mechanism dominated the solidification 
process. Also, it was reported that the analytical model 
presented a reasonable estimation of the thermal 
performance of charging and discharging processes. 

Agarwal and Sarviya [94] carried out experiments on 
the fusion and freezing of PCM in a horizontal annular 
TES unit, which can be utilized as a component of solar 
food dryer systems. Air was used as the HTF in an 
internal tube with a diameter of 25 mm. Also, the 
external shell had a diameter of 127 mm. It was found 
that the discharging of PCM was controlled by 
conduction, and a high solidification rate was observed 
during the initial time instants. Also, higher flow rates of 
the HTF led to the largest cumulative discharged energy 
and a decrease in discharging time. Moreover, it was 
inferred that the latent heat storage unit could provide the 
required hot air for drying food products during periods 
of low-intensity solar energy. 

Seddegh et al. [95] investigated and compared 
numerically the thermal characteristics of charging and 
discharging processes in both vertical and horizontal 

annular TES units. Conduction and convection heat 
transfer mechanisms were considered for both processes. 
The HTF flowed within the inner tube, while the paraffin 
wax-PCM was contained in the annular space between 
the outer shell and the inner tube. The predicted results of 
the model-based enthalpy method were validated utilizing 
published experimental findings. The simulated results 
indicated that the conduction mechanism dominated the 
discharging process. The same discharging rate was 
recorded in both orientations of the energy storage unit 
(Fig. 26). This behaviour was fundamentally due to the 
lower thermal conductivity of the PCM, which slowed 
down the discharging process for both systems. Also, it 
was found that the HTF flow rate had an insignificant 
effect on both the charging and solidification processes. 

Wang et al. [96] experimentally examined the thawing 
and freezing of erythritol-PCM in a vertical annular 
cavity. The air as the HTF flowed from top to bottom of 
the internal tube with 40 mm in diameter. It was deduced 
that the erythritol solidified from the lower region 
initially, and then the freezing front advanced uniformly 
and externally from the tube towards the outer shell of 
100 mm in diameter. Also, the natural convection 
mechanism dominated only the initial periods of the 
discharging process. Moreover, the thermal performance 
of discharging process was enhanced by increasing the 
flow rate of the HTF. 

Ma et al. [97] simulated the discharging process and 
the phase change of the supercooled sodium acetate (SA) 
aqueous solution to sodium acetate trihydrate in a 
shell-and-tube heat exchanger. The PCM was contained 
inside the shell, while the HTF flowed within the internal 
tube. The thermophysical properties of SA were 
modelled and calculated at different concentrations and 
temperatures. The simulation results showed that the 
discharging process was quick initially due to the deep 
subcooling of SA. Then, the charging proceeded slowly 
and was dominated by the diffusion heat transfer. Also, 
increasing the flow rate of HTF caused a higher thermal 
power output; however, this was not favourable for 
seasonal solar TES. 

 

 
 

Fig. 26  Average temperature and liquid fraction of PCM 
during discharging process for two orientations of 
the storage unit (Seddegh et al. [95]) 
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Riahi et al. [98] simulated the effect of the periodic 
boundary condition on the fusion and freezing processes 
inside a vertical annular storage system. The direction of 
inlet HTF was periodically reversed. The predictions 
showed higher heat transfer rates and more uniform 
temperatures were indicated for both processes when 
periodic boundary conditions were imposed compared to 
fixed boundary conditions. In addition, for the case of 
periodic boundary conditions, the solidification time was 
12% faster than that of fixed boundary conditions. The 
same authors [99] studied the effect of HTF flow 
configurations in the tube on charging and discharging in 
horizontal and vertical shell and tube heat exchangers 
numerically. The flow configurations were symmetric 
parallel flow SPF (one tube of HTF), parallel flow PF 
(parallel HTF in all tubes), and counter flow CF (HTF 
passes in two tubes in series), as described in Fig. 27. For 
both processes, the predicted findings exhibited that the 
vertical PF configuration showed improved effectiveness 
and lower uniformity of the phase-change process than 
that experienced by the vertical CF heat exchanger. Also, 
a minor influence of heat exchanger orientation was 
observed on the solidification process. 

 

 
 

Fig. 27  Configuration of HTF flow: (a) SPF, (b) PF, (c) CF 
(Riahi et al. [99]) 

 

Tao et al. [100] presented a 3-D model to explore the 
influence of considering natural convection and PCM 
arrangements on the charging and discharging of PCM in 
shell and tube latent heat storage units. The PCM was 
contained in tube side arrangement and in shell side 
arrangement. The predicted results exhibited that the 
PCM-in-tube arrangement enhanced the heat storage 
significantly compared with the PCM-in-shell layout for 
the same geometry and operation conditions. In addition, 
little impact of natural convection was observed on the 
thermal behaviour of the discharging process. 

Elmeriah et al. [101] numerically explored the 
influence of geometric and operating conditions on the 
discharging and melting of paraffin wax in a horizontal 
annular storage unit. The influences of shell diameter, 
tube length and the Reynolds number of the HTF were 

assessed. The results showed that the geometric 
parameters (shell diameter and tube length) had a 
significant impact on the outlet HTF temperature. At the 
same time, the Reynolds number affected the charging 
and discharging rates. Moreover, using two layers of 
PCM (RT60 and paraffin wax) improved the performance 
of the storage unit compared to the unit having only one 
layer of PCM (paraffin wax). 

Tehrani et al. [102] assessed numerically the 
geometric and operating conditions under which the 
buoyancy-driven convection is worthy or not to consider 
in a numerical model to investigate the charging and 
discharging in high-temperature vertical annular latent 
TES units. For all studied cases, the maximum errors of 
considering the pure-conduction model instead of the 
convection model are higher for melting compared with 
the solidification (100% in melting versus 30% in 
solidification). Also, the error increased with the decrease 
of the tube length and increase of the radius ratio (shell 
radius to pipe radius). Furthermore, the error depended 
on the dimensionless groups, the ratio of pipe radius to 
unit length, and the Biot, the Rayleigh and the Stefan 
numbers. However, it was found that the Rayleigh 
number had a greater influence than other groups. The 
error of omitting natural convection was less than 1% 
when the Rayleigh number was lower than its critical 
value of 8×105.  

Mehta et al. [103] presented a computational and 
experimental inspection to examine the fusion and 
freezing of stearic acid-PCM in horizontal and vertical 
latent thermal storage cells. The inner diameters of the 
brass tube and stainless steel shell were 28 and 88 mm, 
respectively. It was reported that except for the initial 
period of discharging when natural convection dominated, 
the conduction mechanism controlled the entire 
solidification process. In addition, the influence of the 
storage unit orientation seemed to be small on the thermal 
performance of the solidification process (Fig. 28). 

 

 
 

Fig. 28  Instantaneous liquid fraction during solidification in 
horizontal and vertical storage units (Mehta et al. 
[103]) 
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Sodhi et al. [104] established a numerical model to 
evaluate sodium nitrate-PCM’s charging and freezing 
features in conventional and modified horizontal latent 
heat storage units. The traditional unit contained a 
cylindrical shell, whereas the modified design had a 
conical shell (Fig. 29). The predictions pointed out that 
the conical shell design enhanced both the discharging 
and charging processes. The maximum decrease in 
discharging time was 28%. The discharging rate 
increased highly when the velocity of the HTF varied 
from 2 to 6 m/s, but the enhancement in this rate was 
significant beyond 6 m/s. Also, the inlet HTF temperature 
affected the discharging time markedly. 

 

 
 

Fig. 29  Cylindrical shell storage unit and conical shell unit 
(Sodhi et al. [104]) 

 

Andrzejczyk et al. [105] conducted experimental work 
to explore the charging and discharging of coconut 
oil-PCM in a vertical annular TES unit formed from an 
internal helical coil of 10 mm diameter and an outer shell 
of 50 mm diameter. Three configurations of internal tube 
geometry were considered: the straight tube, the 
top-coiled tube, which comprised the helical section at 
the top, accompanied by a straight tube, and the 
bottom-coiled tube, in which the helical section is at the 
bottom. The experimental findings suggested that the 
top-coiled tube configuration achieved the most 
improved solidification performance. Also, the role of 
convection was crucial in the solidification process of 
two types of coiled tubes, while this role dominates only 
the initial duration of the solidification process in the 
conventional straight-tube case. 

A summary of the studies devoted to the discharging 
of PCM in annular TES units is presented in Table 4. The 
results of the above literature indicate that the size of the 
annular cavity and the HTF’s inlet temperature greatly 
affect the discharging process. Also, the eccentricity of 
the horizontal annular cavity and the bottom injection of 
HTF in the vertical cavity is favourable for discharging 
process. 

6. Conclusions 

The solidification features of PCM in multiple-shape 
thermal storage containers are reported and reviewed. 

The considered containers are planar, spherical, 
cylindrical and annular thermal storage systems. For all 
cavities, the buoyancy-driven convection dominates only 
the early duration of the freezing process. As time travels, 
the conduction is a privilege of the entire process. 
Therefore, the solidification rate is higher at the initial 
periods of the solidification process. Also, decreasing the 
temperature and increasing the flow rate of cooling HTF 
reduced freezing time. However, the influence of HTF 
temperature is more significant than that of HTF flow 
rate. Moreover, the impact of the initial superheating is 
insignificant. On the other hand, the container’s size 
plays an essential role in the discharging process. An 
increase in the container’s size is accompanied by the 
increased amount of involved PCM and an extension of 
freezing duration. In addition, the aspect ratio of the 
cavity affects the freezing behaviour inside planar and 
vertical cylindrical cells. Moreover, the cavity orientation 
(horizontal and vertical) has a minor effect on the 
solidification inside annular cavities.   

7. Challenges, Anticipation, and Proposals for 
Future Studies 

The main challenges of developing PCM applications 
in LHTESS (latent heat thermal energy storage system) 
are inherent properties and phenomena such as 
low-thermal conductivity, supercooling, cycling 
degradation, instability, hysteresis, etc. The low thermal 
conductivity of PCM can be fixed by many enhancement 
methods, like fins involvement, porous media insertion, 
and nanoparticle dispersion within PCM. The effects of 
these methods were well-documented in the literature. 
On the other hand, supercooling means that the liquid 
PCM does not crystallize or solidify even if it is cooled 
lower than solidus temperature. Some PCMs suffer from 
various levels of supercooling problems, which are 
assumed negligible in most numerical investigations and 
thus affect the accuracy of predictions. However, the 
supercooling effect can be controlled practically by 
adding additives, varying the characteristics of PCM 
containers and controlling the cooling rate.  

The hysteresis between the charging and discharging 
process imposes some limitations on the applications of 
LHTESS in various fields. The hysteresis has resulted 
from inappropriate measurement methods to evaluate the 
PCM and their intrinsic material properties. Thus, it is 
more important to consider PCM temperature hysteresis 
in numerical models to obtain more accurate results. Also, 
the other challenges, such as performance degradation of 
PCM and its instability during charging-discharging 
cycles, should be considered for long-term investigation 
of LHTESS. 
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