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Abstract: One of the main solutions to the issue of global
warming and greenhouse gas emission caused by burn-
ing fossil fuels is storing energy in an e�cient way. In
this work, the detailed melting process of RT-35 as a phase
change material (PCM) inside a cylindrical latent heat
thermal energy storage (TES) system is investigated both
numerically and experimentally. To achieve this aim, an
experimental setup comprising of a transparent vertical
cylindrical enclosure as a latent heat TES system, a con-
stant temperature bath, and a temperature regulator is
built. Moreover, a numerical model using COMSOL mul-
tiphysics is developed to simulate themelting process and
provide a more detailed information on the �ow and ther-
mal �elds. The model is able to provide the temperature
and velocity �elds, heat transfer behaviour, melting frac-
tion, and the trend of solid-liquid interface at di�erent
time intervals. To validate the numerical model, a com-
parison between melting fraction and solid-liquid inter-
faces of the numerical model and experimental work is
conductedwhich shows a good agreement between exper-
imental and numerical results.

Keywords: Thermal energy storage (TES) systems; Phase
change material (PCM); Solid-liquid interface; Rubitherm
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1 Introduction
Nowadays, the increase in the energy consumption due
to the growth of population and development of indus-
tries, environmental concerns due to global warming, de-
pletion of fossil fuel sources and increase in the price of ex-
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tracting themare themain concerns regarding energy sup-
ply. These economic and environmental concerns have en-
forced energy providers and researchers to look for an af-
fordable solution to remedy this issue. Storing energy in an
e�cient way can play a signi�cant role to reduce the burn-
ing of fossil fuels and releasing less amount of greenhouse
gas. Thermal Energy Storage (TES) systems are developed
to store energy e�ciently based on the heating or cooling
of a speci�cmedium. TES systems can be used inmany dif-
ferent applications for heating/ cooling purposes includ-
ing heating, ventilation, and air conditioning (HVAC) sys-
tems, solar power plants for storing thermal energy dur-
ing the day and release it during the night, and residen-
tial buildings for waste heat recovery purposes. In terms
of storing thermal energy, TES systems are divided into
threemajor groups including: (i) sensible heat thermal en-
ergy storage (SHTES) system (ii) latent heat thermal energy
storage (LHTES) system and (iii) thermo-chemical energy
storage (TCES) system. However, LHTES systems have at-
tractedmore attention of researchers and energy suppliers
due to the higher density of thermal energy storage and
lower variation in operating temperature [1]. LHTES sys-
tem is based on heating or cooling a phase change mate-
rial (PCM) where the thermal energy is absorbed as a la-
tent heat due to the melting process and is released due to
solidi�cation process. According to the operation temper-
ature of TES systems, a PCMwith proper melting tempera-
ture (i.e. phase change temperature) should be used. How-
ever, thermal conductivity (k), stability and the amount of
latent heat (hfg) are the other characteristics of selecting a
proper PCM [2]. In addition, according to the application
of a TES system and the available space for installing this
system, di�erent types of geometries such as rectangular,
cylindrical, and spherical can beused. Cylindrical TES sys-
tems o�er the advantages of ease of manufacturing and
can be installed both vertically and horizontally. There-
fore, in the present investigation, the focus is to study the
detailed melting (charging) process of a PCM �lled cylin-
drical TES system. By surveying the literature, many re-
search works can be identi�ed regarding the use of cylin-
drical TES system �lled with PCM.
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Starting with the vertical cylindrical TES system con-
�guration, a numerical investigation of the natural con-
vection through a cylindrical capsule �lled with a PCM is
conducted by Wu and Lacroix [3]. In their study, the cap-
sule is isothermally heated from the bottom, the top, and
the sides. The stream function, vorticity, and temperature
are considered in the governing equations and a method
called body-�tted coordinates is used to track the irregular
shape of solid-liquid phase front. It is reported that con-
duction is the dominant form of the heat transfer when it
is heated from the top. In addition, as the melting process
progresses, Nusselt number at the top surface decreases
to zero which shows that conduction is dominated dur-
ing the melting process. Moreover, the bottom surface had
the highest rate of heat transfer where the Benard con-
vective cells are dominated. Jones et al. [4], experimen-
tally and numerically studied themelting process of a sub-
cooled para�nwax. The vertical cylindrical enclosurewas
isothermally heated from the sides using a hot constant
temperature bath, insulated at the top, anda constant tem-
perature condition was applied to the bottom. During the
experiments,measurement of temperatures indi�erent ra-
dial locations and capturing the melt front locations were
performed. By using digital image processing technique, a
method for estimating the location of the solid-liquid in-
terface was developed. It is shown that during the melt-
ing process of PCM, pure conduction, mixed convection
and conduction, convection and shrinking solid are the
main heat transfer regimes. A numerical investigation of
the melting process of RT-27 was conducted by Shmueli
et al. [5]. In their investigation, the cylindrical model was
heated isothermally from its sides, insulated from the bot-
tom, and kept open from the top. The model was based
on the enthalpy-porosity method and the e�ects of pa-
rameters representing mushy zone and pressure-velocity
were considered. Moreover, quantitative information rep-
resenting the rate of heat transfer andmelting fractionwas
achieved by using image processing of previous experi-
mental work. It is concluded that conduction is the main
form of heat transfer at the starting of melting process. As
time progresses, natural convection became the dominant
formofheat transferwhich changes the solid shapeof PCM
to a conical one.Wang et al. [6], conducted a numerical in-
vestigation on the melting process of a PCM with the aim
of developing heat transfer correlations. In their study, in-
ward and outward melting process inside a vertical cylin-
drical enclosure was considered and the model was com-
pared to the previous works. A general agreement was
achieved; however, there were some discrepancies due to
the in�uence of heat losses. In addition, the transient heat

transfer correlations and total stored energy for a variety
of Rayleigh numbers were proposed.

Regarding horizontal cylindrical TES system, Regin et
al. [7], performed a numerical and experimental study of
the melting of a PCM inside a solar TES system. In their
work, horizontal pipes were �lled with para�n wax and
subjected to hot water from the surrounding. A numerical
model based on enthalpy method was developed and re-
sults were compared to experimental investigation. It is re-
ported that Stefan number, radius of the pipe, and range of
the phase change temperature are the main dominant pa-
rameters, which control the melting process. In addition,
by considering the phase change temperature and natural
convection in the liquid phase, the agreement betweennu-
merical and experimental work was improved. A numeri-
cal investigation of the solid-liquid phase change interface
for a horizontal cylindrical enclosure was carried out by
Mahdaoui et al. [8]. In their work, constant wall tempera-
ture and constant heat �ux were two main boundary con-
ditions that were investigated. In order to solve the natural
convection in the change of the phase, a numerical code
based on �nite element and enthalpy porositymethodwas
used and the results were validated. It is concluded that at
the beginning of melting process, conduction is the dom-
inant form of heat transfer and the local Nusselt num-
ber is degraded as time advanced. However, as the melt-
ing process progresses, natural convection was developed
which signi�cantly a�ected the shape of the solid-liquid
interface. Hosseini et al. [9], conducted an experimental
and numerical investigation to study the heat transfer and
thermal behaviour of a PCM during constrained condition
�lled in a shell and tube heat exchanger. Para�n RT-50
was used as the PCM and several experiments were per-
formed to consider the in�uenceof the inlet temperature of
working �uid onmelting/solidi�cation process. A numeri-
cal model based on an iteration and �nite-volumemethod
was developed to study the variation of the molten front
with time. Their results showed that rate of heat transfer
and charging (melting) time depend on the inlet tempera-
ture ofworking �uid,which by increasing the inlet temper-
ature from 70◦C to 80◦C, themelting timewas degraded by
37%. Moreover, there was a 7.3% increase in theoretical ef-
�ciency of the heat exchanger during the melting process.

According to the literature, the melting process of
PCM inside a vertical cylinder insulated from the bottom,
isothermally heated from sides, and kept open from the
top has not been extensively investigated both experimen-
tally and numerically. In this work, an experimental and
numerical study is performed to investigate the melting
process of RT-35 as a PCM �lled a vertical cylindrical TES
system. The lateral walls of the proposed TES system is
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subjected to an isothermal conditionwith the temperature
of 45◦C, while it is insulated at the bottom, and kept open
from the top. To perform the investigation, an experimen-
tal setup and numerical model were developed to visual-
ize and study the melting process of PCM. This work rep-
resents an early stage to study the possible improvements
in the melting process by adding nanoparticles into pure
PCM.

2 Problem description

2.1 Experimental work

In this section, a detailed description regarding vertical
cylindrical TES system setup and experimental procedures
are presented. To visualize the melting process of RT-35 as
the PCM, a vertical cylindrical TES prototype is built. The
setup consists of an acrylic pipe with an inner diameter of
4.4 cm and the height of 30 cm attached to a plastic plate
vertically by using a transparent acrylic cement (manufac-
turer: Scigrip). The bottom part of the enclosure is insu-
lated while it is maintained open from the top to avoid any
pressure build on the top of the PCM during the melting
process. Then, the cylindrical enclosure is �lledwith RT-35
(manufacturer: Rubitherm) with the melting temperature
(Tm) in the range of 34◦C – 36◦C at a speci�c height (H)
in the TES system which represents Rayleigh number (Ra)
of 107 (i.e. the height of the PCM in the TES system is 8.3
cm). Subsequently, the setup was maintained at the room
temperature (i.e., T0= 23◦ C) to initiate the solidi�cation
process gradually. Solidi�cation in temperatures close to
Tm and at a longer time provides the advantage of having
less trapped air inside the TES system, leading to having
fewer holes inside solid part of the PCM that happens due
to the shrinkage of PCM. This o�ers a more uniform solid-
liquid interface duringmeltingprocess and leads tohaving
a fair comparisonwith numerical results. Next, a transpar-
ent water tank equippedwith a circulation pump and tem-
perature regulator was used to provide isothermal bound-
ary condition. The temperature of thewater inside the tank
is set to 45◦C (i.e. 10◦C above the Tm) and suddenly the
cylindrical TES system is placed inside thehot bath to initi-
ate themelting process. Moreover, a digital camera is used
to capture the solid/liquid interface of the PCM periodi-
cally. A schematic of the experimental setup can be seen
in Figure 1.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: A schematic of the experimental setup. 
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Figure 1: A schematic of the experimental setup

2.2 Numerical model

To investigate the �ow and thermal �elds, a numerical
model based on the �nite element approach using COM-
SOLmultiphysics is developed. To do so, a 2-D axisymmet-
ric model representing the cylindrical TES system having
the same dimensions of the experimental TES system (i.e.
inner diameter of the pipe 4.4 cm and the height of 30 cm)
is developed. The model is insulated from the bottom and
kept open from the top and it is assumed to be �lled with
RT-35 at a height of H to represent the experimental con-
ditions. The initial temperature of PCM is assumed as T0,
which is equal to room temperature and lower than Tm.
The model is isothermally heated from the sides at a tem-
perature of Th, which is 10◦C above the Tm to initiate the
melting process. As the melting process progresses, the
liquid-solid interface appears. In this simulation,

the liquidphaseof PCM is consideredasNewtonian in-
compressible �uid. In addition, the thermo-physical prop-
erties of RT-35 is collected from the literature and theman-
ufacturer. These properties are shown in Table 1.

Table 1: Thermo-physical properties of RT-35 [10, 11]

Thermo-physical properties Value
ρs (kg/m3) – Density at solid state 880
ρl (kg/m3) – Density at liquid state 760
K (W/m·K) - Thermal conductivity 0.2
Cp (J/kg·K) - Speci�c heat 2000
β (1/K) - Coe�cient of thermal expansion 0.0006
hfg (kJ/kg) - Latent heat of fusion 160
µ (kg/m·s) - Viscosity 0.023
Tm (◦C) - Melting area 35
Volume expansion (%) 12.5
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The governing equations representing the conserva-
tion of mass, momentum and transferred energy are pre-
sented below [12]

∂u
∂r +

u
r +

∂w
∂z = 0 (1)

where u and w are the components of velocity in r-
direction and z- direction, respectively.

Energy equation:

∂T
∂t + u

∂T
∂r + w

∂T
∂z = k

ρ Cp

[
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∂
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where t, k, ρ, and Cp represent time, thermal conductivity,
density, and the speci�c heat at constant pressure, respec-
tively and the
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r-momentum equation:
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(4)

where µ, g, β,andT represent viscosity, gravitational accel-
eration and coe�cient of thermal expansion and temper-
ature, respectively. For better understanding, it is worthy
to read references [13–15] that present the concept of �uid
�ow in fractal media and its solution techniques.

2.3 Boundary conditions

At the beginning of the simulation (t = 0), the cylindrical
TES system is �lled with a certain height of PCM (i.e. z =
H) having a temperature of T0 which is lower than Tm. The
bottom wall (i.e. z = 0) is assumed thermally insulated. In
order to initiate themelting process, the lateralwalls of the
cylindrical TES system are subjected to Th, which is 10◦C
higher thanTm. A schematic of the numericalmodel is pre-
sented in Figure 2.

2.4 Mesh independency test

Three grid sizes are tested to examine the grid depen-
dency test. The tested grid sizes are �ne mesh, number
of elements = 6965, simulation time = 50 minutes; �ner
mesh, number of elements = 15062, simulation time = 1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: A schematic of the numerical model. 

/////////////////////////// 

RT-35 Th H 

r 

z 

insulation 

sy
m

m
et

ry
 l

in
e 

air 

Figure 2: A schematic of the numerical model

hour and 38 minutes, and extra �ne mesh, number of ele-
ments = 33905, simulation time = 3 hours and 47 minutes.
The melting fraction is numerically calculated for di�er-
ent mesh sizes. Figure 3 shows that using �ner mesh and
extra �ne mesh lead to almost identical results. However,
extra �ne mesh takes a longer time to complete the simu-
lation. Therefore, considering the time and the accuracy of
the simulation, the �ner mesh is considered in the present
study.

 

Figure 3: Melting fraction for the different mesh qualities. 
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Figure 3:Melting fraction for the di�erent mesh qualities
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3 Results and discussion
Figure 4 shows, experimentally and numerically, the evo-
lution of the melting process of RT-35. The melting process
is tracked from time = 300 sec. to 7500 sec. The RT-35 starts
melting after applying a heat source at constant tempera-
ture at the walls of the cylinder. The interface shortly ap-
pears after initiating the melting process. At 300 sec., the
interface is parallel to the walls of the cylinder. The par-
allel interface indicates that the dominant mode of heat
transfer is conduction. Between 1000 and 1800 sec., the
melted RT-35 occupies more space at the upper part of the
cylinder.With ongoing heating, the interface deforms, and
the remaining solid RT-35 takes the shape of a cone start-
ing from 3900 sec. to the end of the melting process. Most
of the melted RT-35 occupies the upper part of the cylin-
der, while less amount of solid RT-35 is available at the
lower part of the cylinder. The warm liquid RT-35 that has
been heated through the walls of the cylinder rises up as
it becomes lighter. The warm melted RT-35 accumulates at
the top of the cylinder due to the thermal strati�cation ef-
fect. Since the melted RT-35 cannot cross the impermeable
surface, the colder melted RT-35 moves downwards to give
space for the warmer melted RT-35. As a result, the trans-
ferred thermal energy to the solid RT-35 gradually drops as
themelted RT-35moves downwards. As it can be seen from
Figure 4, the computed numerical results are in a good
agreement with the conducted experiment results.

Figure 5 shows the comparison of melting fraction
with time between the experimental and numerical re-
sults. The melting fraction (MF) is calculated by using
Eq. 5.

MF = Volume of the liquid PCM
Total volume of the PCM ( solid + liquid) × 100,

(5)

In order to calculate the melting fraction for the re-
sults obtained by digital photos from experimental work,
the image processing method has been used. An almost
linear trend is observed between the melting fraction and
time in both results with a higher melting at the beginning
followed by a slower melting rate as melting progresses.
At the beginning of the melting process, the temperature
di�erence between the PCM in the TES system and the
constant temperature bath is the highest and therefore,
melting rate of PCM is highest. As the melting process ad-
vances, the amount of liquid PCM in the TES system in-
creases and so does its temperature. As a result, the tem-
perature di�erence between the PCM in the TES system

Experimental   Numerical Experimental   Numerical 

      
Time = 300 s Time = 300 s Time = 1000 s Time = 1000 s 

      
Time = 1800 s Time = 1800 s Time = 3900 s Time = 3900 s 

      
Time = 4800 s Time = 4800 s Time = 5800 s Time = 5800 s 

      
Time = 6800 s Time = 6800 s Time = 7500 s Time = 7500 s 

 
Figure 4: Comparison of melting pattern between the experimental and numerical results. 

 Figure 4: Comparison of melting pattern between the experimental
and numerical results

and the constant temperature bathdecreases and themelt-
ing rate of PCM decreases.

As it can be seen from Figure 5, there are some dis-
crepancies in the value ofmelting fraction obtained by nu-
merical and experimental work. Themain reasons of these
di�erences could be (i) ignoring the thermal resistance of
acrylic pipe in the numerical model; (ii) improper insu-
lation at the bottom of cylindrical TES system in the ex-
perimental work and (iii) ignoring the thermal expansion
of the PCM during the melting process in the numerical
model.

Figure 6 shows the amount of transferred heat �ux
into the TESwith time. At the beginning of themelting pro-
cess, the PCMwhich is attached to the TESwall is solid and
at a lower temperature than the bath temperature. At this
point, the temperature di�erence between the cold PCM
and hot lateral walls is high which causes high heat trans-
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Figure 5: A comparison of melting fraction with time between the experimental and numerical results. 
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Figure 5: A comparison of melting fraction with time between the
experimental and numerical results

fer into the TES. With ongoing heating, the PCM close to
the wall becomes warmer which reduces the temperature
di�erence between inside and outside the TES. As a result,
the heat transfer drops with time.

 

          Figure 6: The heat flux transferred into the TES. 
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Figure 6: The heat flux transferred into the TES

Figure 7 shows the trend of surface averaged Nusselt
number (Nu),Nu throughout themelting of RT-35. The heat
transfer rate at the beginning of themelting process is high

 

              Figure 7: Nusselt number behavior throughout the melting process. 
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Figure 7: Nusselt number behavior throughout the melting process

due to the high di�erence temperature between the hot
walls of the cylinder and the cold solid RT-35. At the begin-
ning of melting process, the magnitude of Nu number is
high due to a large temperature gradient. From the initial
stages onward, the magnitude of Nu number drops with
time until it reaches it is minimum value as the thermal
equilibrium condition is achieved.

4 Conclusion
A numerical and experimental investigation on the melt-
ing process of RT-35 �lling a vertical cylindrical enclo-
sure is conducted. The numerical model results are com-
pared with the experimental work and good agreement
is achieved. However, some discrepancy is observed. It
is concluded that at the early stage of melting process,
conduction is the dominant form of heat transfer from
the walls. As the melting process progresses, natural con-
vection is developed until it dominates the heat transfer
process. At the early stages of the process, the heat trans-
fer rate is high which is degraded at the later stages due to
the decrease in temperature gradient between cold PCM
and hot lateral walls of cylindrical TES system.

Nomenclature
cp speci�c heat at constant pressure [kJ/kg K]
H height of the �lled PCM in TES system [cm]
hfg latent heat of fusion [kJ/kg]
g gravitational acceleration [m/s2]
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k thermal conductivity [W/m·K]
T temperature [◦C]
Greek symbols
β coe�cient of thermal expansion [1/K]
µ dynamic viscosity [Pa·s]
ρ density [kg/m3]
Subscripts
h hot
m melt
0 initial
Abbreviations
TES thermal energy storage
SHTES sensible heat thermal energy storage
LHTES latent heat thermal energy storage
TCES thermos-chemical energy storage
MF melting fraction
PCM phase change material
RT Rubitherm
Ra Rayleigh number
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