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In the current work, the melting process, heat transfer, and energy storage characteristics of a bio-based nanoPCM in a vertical Cylindrical Thermal Energy Storage (C-TES) system are numerically investigated and veriﬁed
with experimental work. Mathematical models based on non-linear diﬀerential equations are developed to study
the mass, momentum, and energy transport processes inside the C-TES system. The eﬀects of nanoparticles
volume fraction (i.e. ϕ = 0%, 3%, and 5%) and Rayleigh number (i.e. Ranl = 106, 107, and 108) on the melting
process are investigated. To compare the numerical results, an experimental setup is developed and transient
images are captured to identify the location and shape of solid-liquid interface. To prepare nano-PCM, the copper
oxide (CuO) nanoparticles are dispersed into the bio-based coconut oil PCM. The C-TES system is insulated from
the bottom, isothermally heated from its lateral walls and the top. Numerically obtained solid-liquid interface
locations and melt fractions for base PCM and nano-PCM are compared with experimental analysis and a very
good agreement is obtained. The numerical results are further compared with existing numerical and experimental results available in the literature. The work then explains the eﬀects of Rayleigh number and volume
fraction of nanoparticles on melt fraction, Nusselt number, and stored energy. The results indicate that adding
nanoparticles do not change the patterns of melt fraction, Nusselt number, and energy storage capacity with time
compared to the base PCM case. The eﬀects of speciﬁc heat capacity of solid nano-PCM, liquid nano-PCM, and
latent heat capacity of nano-PCM on energy stored are discussed. The results show that the diﬀerence in energy
stored with Rayleigh number is less during the beginning of the melting; as melting reaches in the convection
dominated regime, a larger diﬀerence is observed due to increased melting at larger Rayleigh number.

1. Introduction
The ongoing increase in the worldwide population and industrial
units is accompanied by a signiﬁcant demand for energy. On the other
hand, the limitation in the sources of conventional fossil fuels and the
environmental issues associated with their uses, have caused several
concerns and challenges such as security of energy supply and global
climate change [1–4]. To overcome these issues, exploitation of renewable energies (e.g. solar energy, geothermal, wind energy, etc.) has
been signiﬁcantly considered by energy suppliers. However, due to the
ﬂuctuations and inability to control the sources of the renewable energies, it is more eﬃcient for these systems to be used with energy
storage systems [5]. Thermal Energy Storage (TES) systems are developed with an aim to store thermal energy in an eﬃcient and reliable
manner. TES systems have been used in a wide range of applications for
heating/cooling purposes including building thermal management,
food processing applications, Heating, Ventilation, and Air Conditioning (HVAC) systems, and solar power plants for storing thermal
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energy during the day and release it during the night and cloudy days.
In general, TES systems are divided into three main groups: sensible,
latent, and thermo-chemical heat storage. Due to the eﬀective use of
Phase Change Materials (PCM) in improving Latent Heat Thermal Energy Storage (LHTES) systems, more impetus has been provided by
researchers to develop the LHTES system with PCMs. Utilizing PCMs in
LHTES systems have provided advantages of high energy density and an
almost constant operating temperature [6]. In these systems, thermal
energy is stored during the melting process and released during the
solidiﬁcation process. A wide range of PCMs with various melting
temperatures including Paraﬃn waxes, organic and non-organic compounds, and hydrated salts are available for use in LHTES systems.
Comprehensive information regarding diﬀerent types of PCMs is
available in [7]. To select a proper PCM, diﬀerent parameters including
phase change temperature, stability, amount of latent heat, and thermal
conductivity should be considered [8]. Although having desirable attributes for storing thermal energy, PCMs suﬀer from low thermal
conductivity, which results in a lower melting/solidiﬁcation rate and
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Nomenclature
cp
g
H
hnl
k
R
T

l
m
n
nl
ns
s
0

speciﬁc heat at constant pressure [kJ/kg K]
gravitational acceleration [m/s2]
height of the ﬁlled nano-PCM [cm]
latent heat of fusion [kJ/kg]
thermal conductivity [W/m·K]
inner radius of the C-TES system [cm]
temperature [°C]

Abbreviation
C-TES
TES
LHTES
MF
PCM
RT
Ranl

Greek symbols
α
β
μ
ρ
ϕ

coeﬃcient of thermal diﬀusivity [m2/s]
coeﬃcient of thermal expansion [1/K]
dynamic viscosity [Pa.s]
density [kg/m3]
volume fraction of nanoparticles

cylindrical thermal energy storage system
thermal energy storage
latent heat thermal energy storage system
melting fraction
phase change material
Rubitherm (www.rubitherm.eu)
Rayleigh number based on liquid nano-PCM properties,

Ranl =

Subscripts
h

liquid PCM
melt
nanoparticles
liquid nano-PCM
solid nano-PCM
solid PCM
initial

gβnl H3 (Th − Tm)
νnl αnl

hot
highly conductive nanoparticles into the PCM enhances the thermal
conductivity of the PCM [34–37]. However, it is mentioned that addition of nanoparticles to the PCM increases the viscosity of PCM, which
leads to a decrease in the natural convection that could lower the
thermal performance of the LHTES system [35,36]. In addition, nanoPCMs have been also used for several thermal management applications
[38–41]. In general, it is concluded that dispersion of nanoparticles at
low volume/weight fractions can enhance the amount of removed heat,
which can enhance the performance of thermal systems.
According to the published works available in the literature, the
melting process of a nano-PCM ﬁlled in a vertical C-TES system, which
is isothermally heated from its lateral walls and the top and insulated
from the bottom, has not been extensively investigated. In the present
paper, a numerical investigation on melting process of a bio-based PCM
(coconut oil) enhanced with copper oxide (CuO) nanoparticles is performed. Eﬀect of using diﬀerent volume fractions (ϕ ) of nanoparticles
(i.e. ϕ = 0%, 3%, 5%), diﬀerent cylinder heights of ﬁlled nano-PCM
representing diﬀerent Rayleigh (Ra) numbers (i.e. Ranl = 106, 107, and
108) on the melting rate, heat and energy transfer characteristics are
studied. Moreover, the behavior of solid-liquid interface at diﬀerent
time intervals is studied.
In the authors’ opinion, the authors are the ﬁrst who have studied
the melting process of an edible coconut oil PCM with CuO nanoparticles inside a cylindrical enclosure with isothermal surrounding and
adiabatic bottom walls. The relatively inexpensive coconut oil PCM is
edible, having the melting temperature (≈24 °C) close to the typical lab
temperature (22 to 23 °C), and exhibits excellent stability and very
small sedimentation for longer uses once nanoparticles are incorporated
compared to many other commercially available PCMs reported in the
literature. Properties of the nano-PCM were measured and compared
with the modeled equation, a maximum discrepancy of ± 5% was observed for the thermal conductivity of nano-PCM. Comprehensive numerical simulation is performed to visualize the progression of the
melting process with the experimental comparison; and to calculate the
melt fraction, Nusselt number, and energy storage rate.

reduction in the eﬃciency of LHTES systems [9]. Diﬀerent approaches
for enhancing the thermal conductivity of a PCM have been suggested
by researchers, which can be categorized into two main groups. The
ﬁrst group is a geometric approach that is related to a modiﬁcation in
the design of the shape of the enclosure or inserting highly conductive
ﬁxed materials such as metal ﬁns and porous materials inside the enclosure [10]. The second approach is based on combining PCM with
highly conductive nanoparticles (e.g. copper oxide and aluminum oxide
particles) to increase the thermal conductivity of the PCM [11–13].
Although using the reported methods can enhance the thermal conductivity of a PCM, some challenges are remained. For instance, by
adding high volume/weight fraction of nanoparticles to a PCM, sedimentation occurs, which has a negative eﬀect on the thermal conductivity of nano-PCM after several cycles of operation [14]. On the
other hand, inserting conductive materials (e.g. metal ﬁn, porous material) into the PCM reduces the volume of ﬁlled PCM. Because of the
lower amount of PCM, lower amount of stored energy will be achieved
[15,16]. Diﬀerent types of geometrical conﬁgurations including rectangular, spherical, cylindrical, and annular containers have been studied as a TES system. These are necessitated by the diﬀerent applications and limitations of the occupied space. A complete description of
TES systems with diﬀerent geometries ﬁlled with nano-PCMs can be
found in [5,6]. Cylindrical containers can be used both horizontally and
vertically, which have invoked a signiﬁcant interest due to the ease of
its manufacturing process. Studying vertical cylindrical containers ﬁlled
with PCM/nano-PCM, which is the primary focus of the present paper,
have been investigated by several researchers. A brief review of
studying vertical cylindrical containers ﬁlled with PCM/nano-PCM is
shown in Table 1.
There are other recently published works regarding the use of nanoparticles to enhance the thermal performance of a LHTES system. For
instance, the volumetric heat generation eﬀect during melting/solidiﬁcation process of nano-PCM ﬁlled horizontal cylindrical geometries
were studied by Bechiri and Mansouri [27]. Several researchers also
investigated the thermal performance of a shell and tube LHTES system
ﬁlled with nano-PCM [28–33]. In general, it is reported that dispersing
nanoparticles at low volume fractions increases the heat transfer rate
and because of that the time required for melting/solidiﬁcation process
is decreased. Nonetheless, Parsazadeh and Duan [33] have stated that
dispersion of nanoparticles into the PCM increases the melting time due
to the degradation of natural convection caused by the addition of
Al2O3 into the paraﬃn wax. The recent investigations regarding the use
of nano-PCM in a rectangular LHTES system revealed that dispersion of

2. Modeling and analysis
A schematic diagram of the vertical C-TES system is presented in
Fig. 1. A numerical investigation of the melting process of a bio-based
PCM (melting temperature Tm) enhanced with diﬀerent volume fractions of nanoparticles (i.e. 0%, 3%, and 5% of copper oxide nanoparticles) inside the C-TES system is performed in this work based on
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Experimental

Experimental

Experimental

Numerical

Fan et al. [24]

Alshaer et al. [25]

Das et al. [26]

Numerical with comparison with
previous experimental work

Shmueli et al. [21]

Zeng et al. [10]

Experimental and Numerical

Jones et al. [20]

Numerical

Numerical

Wu and Lacroix [19]

Sciacovelli et al. [23]

Analytical

Wenzhen et al. [18]

Numerical

Experimental and Numerical

Sparrow and
Broadbent [17]

Wu et al. [22]

Type of study

Authors

Isothermal heating by using inner tube inside
the shell and tube TES system

Isoﬂux heating from the bottom

Isothermally heated from the bottom

Heated from the bottom and insulated from
the lateral walls

Isothermal heating by using an inner tube at
the center of a shell and tube
TES system

Heating from the bottom

Isothermal heating from the sides, insulated
from the bottom

Isothermal heating from the sides, constant
temperature at the bottom and insulated
from the top

Isothermal heating from the sides, top, and
the bottom

Isothermal heating from the sides and the
bottom

Isothermal heating from the sides, insulated
from the bottom

Melting condition

Table 1
Summary of studies on the melting process of PCM/nano-PCM in a vertical cylindrical enclosure.

Multi wall carbon nano tubes placed in RT-65 as
the nano-PCM and carbon foam as the porous
material
n-eicosane and carbon allotropes as the nanoPCM

Graphene nanoplatelets dispersed in 1tetradecanol as the nano-PCM

Carbon nanotubes dispersed in 1-dodeconal as
the nano-PCM

Copper nanoparticles in Paraﬃn as the nanoPCM

Copper nanoparticles in Paraﬃn as the nanoPCM

RT-27 as the PCM

Eicosane as the PCM

Depends on the Prandtl number

Eicosane as the PCM

Eicosane as the PCM

PCM/nano-PCM

▪ A 15% and 25% decrease in the melting time were observed by using 1%
volume fraction of single-walled carbon nanotubes (SWCNT) and
graphene nanoplatelets (GnP) respectively
▪ A 1.5% increase in the melting rate was observed by inclusion of 1% volume
fraction of nano-diamond

▪ Fluid motion has a signiﬁcant eﬀect on the rate of melting and heat
transfer
▪ Experimental results showed a 50% more transfer of energy compared to
numerical results
▪ Initial sub-cooling of PCM signiﬁcantly decreased the melting rate
▪ An insigniﬁcant eﬀect of heat conduction is observed on the melting rate
in the liquid phase
▪ Increasing the Stefan number leaded to an increase in the melting rate
▪ The bottom surface had the highest rate of heat transfer
▪ Conduction was dominated at the top
▪ For the case heated from the walls, Benard convection occurred earlier than
the case heated only from the bottom
▪ Four melting regimes including pure conduction, mixed conduction and
convection, convection dominant, and shrinking solid occurred during
melting process were observed
▪ Good agreement between numerical and experimental results were
observed for Stefan numbers up to 0.1807
▪ The eﬀect of the mushy zone parameter (C) on the melting process was
studied, and it was found that C = 108 for this parameter had good
agreement with experimental work
▪ At the beginning of melting process, conduction was the dominant form
where with ongoing heating process natural convection dominated. This
changed the solid shape to conical shape
▪ Adding nanoparticles to the PCM enhanced the thermal conductivity of
the PCM
▪ Using 1 wt% of the nano-PCM enhanced melting time up to 13.1%
▪ An improvement in melting rate caused by adding nanoparticles was
reported
▪ A 4% volume fraction of nanoparticles in PCM leads to a 15% decrease in
charging time
▪ Melting rate was degraded due to decrease of natural convection in the
melting process because of increasing viscosity by adding carbon
nanotubes
▪ With a 3 wt% of nanoparticles at the boundary temperature of 55 °C, there
was a 8% improve in melting rate
▪ Due to the suppression of natural convection by increasing the temperature
of boundary condition, the melting rate was degraded
▪ A signiﬁcant increase in the heat transfer rate was reported by using
carbon nanotubes and carbon foam

Highlighted ﬁndings
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z

performed using KD2 Pro handheld device and TPS-500 system. The
measured conductivities were identiﬁed within the ± 5% error limit
with the modeled equations presented in Eqs. (8) and (9). Dynamic
viscosity measurements for PCM and nano-PCM were performed using a
Rotational Viscometer and a Vibration Viscometer. The measured
viscosities were identiﬁed within the ± 2.5% error limit with the
modeled equation presented in Eq. (7). Density measurements for PCM
and nano-PCM were performed using a DMA 35 Density meter. The
measured densities were identiﬁed within the ± 1.0% error limit with
the modeled equation presented in Eqa. (5) and (6). Speciﬁc heat and
heat of fusion measurements for PCM and nano-PCM were performed
using a Diﬀerential Scanning Calorimeter (DSC). The measured densities were identiﬁed within the ± 1.0% error limit with the modeled
equation presented in Eqs. (12) and (13).

R

Solid-Liquid Interface

Solid nano-PCM

Liquid nano-PCM

Isothermal surface

Axis of
symmetry

Thermal insulation

H
2.2. Approximations and modeled equations
In the current numerical model, the molten or the liquid form of
nano-PCM is assumed to be a Newtonian incompressible ﬂuid, and laminar ﬂow is considered for liquid phase bio-based nano-PCM. The
density term in the liquid phase of nano-PCM varies linearly with the
variation in the temperature, the Boussinesq approximation is adopted
in this model. In addition, it is assumed that between the PCM and
nanoparticles, the local thermal equilibrium exists. To simplify the
problem, a 2-D axisymmetric model is developed. As the melting process starts, thermal energy will ﬂow from the lateral sides of the enclosure to the bio-based nano-PCM. As time advances, the liquid-solid
interface can be seen. The principal diﬀerential equations, which
govern the melting process, are listed below [44]:

r

Fig. 1. Schematic diagram of the problem under consideration with dimensions.

the enthalpy-porosity technique. The vertical C-TES system is assumed
to have inner diameter (d = 2R) of 4.44 cm and is ﬁlled with a nanoPCM at diﬀerent heights (H). The C-TES system is isothermally heated
from its lateral walls and the top, and insulated from the bottom. The
initial temperature (T0) of the system is assumed to be 23 °C, while the
lateral wall temperature (Th) is 34 °C. It is worth mentioning that the
physical expansion of the PCM during the phase change process was not
considered in this work. For the temperature range considered in this
paper, the volume expansion of the coconut oil was observed to be
small (i.e. approximately 3% for a 20 °C temperature diﬀerence) in our
experimental work as opposed to many other commercially available
PCMs (e.g., Rubitherm, n-octadecane, etc.) reported in the literature.
For example, our experiments showed that Rubitherm 22 (RT-22) PCM
shows almost 10 to 12% expansion during melting which has melting
temperature (∼22 °C), close to the melting temperature of coconut oil
(∼24 °C).

Mass conservation equation:

∂u
u
∂w
+
+
=0
∂r
r
∂z

(1)

where u and w are the components of velocity in the radial and axial
directions, respectively.

Energy conservation equation:
=

∂T
∂T
∂T
+u
+w
∂t
∂r
∂z

k ⎡ 1 ∂ ⎛ ∂T ⎞ ∂2T ⎤
r
+
ρCp ⎢
∂z 2 ⎥
⎦
⎣ r ∂r ⎝ ∂r ⎠

(2)

where T, t, k, ρ, and Cp represent temperature, time, thermal conductivity, density, and speciﬁc heat at constant pressure, respectively.
Momentum conservation equation (radial direction):

∂p
1 ∂u u
∂u
∂u
∂u
∂ 2u
∂ 2u
+u
+w ⎞=−
+ μ⎛ 2 +
− 2 + 2⎞
ρ⎛
r
r
r
r
∂r
∂z ⎠
∂r
∂
∂
∂z ⎠
⎝ ∂t
⎝
(1−f )2
u
+ Am 3
f +ε
⎜

2.1. Properties of PCM and nanoparticles
The properties of the copper oxide nanoparticles and the coconut oil
used as the PCM are presented in Table 2. The food grade PCM used in
this work (i.e., coconut oil) is obtained from a local supplier. For the
comparison purpose, the price of the obtained coconut oil and some
widely used paraﬃn based and organic PCMs are provided as follows:
(i) coconut oil: ∼$8.0/kg (from DESI), (ii) n-octadecane: ∼$144/kg
(from VWR), (iii) Lauric Acid: ∼$89.0/kg (from VWR), and (iv) RT-25:
∼€13.97/kg (from Rubitherm). However, the local supplier could not
provide any information on thermophysical properties other than the
melting temperature information only. Therefore, the thermophysical
properties of PCM (i.e., coconut oil) and nano-PCM (CuO nanoparticles
dispersed in coconut oil PCM) were directly measured in our facilities at
the University (Advanced Energy Conversion and Control Lab, Bio-Innovation Research Lab, and Food Research Lab). Properties are measured for a temperature range from 10 to 40 °C and for the volume
fractions of nanoparticles from 0 to 3.5%.
Thermal conductivity measurements for PCM and nano-PCM were

⎟

(3)

Momentum conservation equation (axial direction):
Table 2
Thermophysical properties of copper oxide nanoparticles [42,43] and coconut
oil.
Thermo-physical properties

Coconut oil
Liquid

β (1/K) - Coeﬃcient of Thermal
Expansion
h (kJ/kg) - Latent heat of fusion
k (W/m K) - Thermal conductivity
μ (Pa·s) - Viscosity
cp (kJ/kg K) - Speciﬁc heat
ρ (kg/m3) - Density
Tm ( °C) - Melting Temperature
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7 × 10

Copper Oxide
nanoparticle
Solid

−4

103
0.166
0.0268
1.67
918
24

–

85 × 10−7

0.228
–
3.75
920

–
18
–
0.54
6500
–
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μ ∂ 2w
1 ∂p
1 ∂w
∂ 2w ⎞
∂w
∂w
∂w
+ ⎛ 2 +
+
+ gβ (T −Tm)
+u
+w
=−
ρ ∂z
ρ ⎝ ∂r
r ∂r
∂z 2 ⎠
∂t
∂r
∂z
⎜

+ Am

Table 3
Properties of the nano-PCM at the transition stage [9,47,48].

⎟

(1−f )2
w
f3 + ε

Properties

(4)

where μ, g, β, and Tm represent viscosity, gravitational acceleration,
coeﬃcient of thermal expansion, and the melting temperature, respectively. The last terms on the right hand side of the momentum
equations (i.e., Eqs. (3) and (4)) represent momentum sink, which is
described further in Section 2.4.

Range of Temperatures

T < Tm

Tm ⩽ T ⩽ Tm + ΔTm

T > Tm + ΔTm

kns

knl

ρ

ρns

(ρCp)

(ρCp)ns

kns + knl
2
ρns + ρnl
2
(ρCp)ns + (ρCp)nl

μ

106

–_

k

2

ρnl
+

ρns + ρnl hsl,n
(
)
2
ΔTm

(ρCp)nl
μl
(1 − ϕ)2.5

2.3. Thermophysical property relationships
2.4. Mushy zone (or transition zone) approximation

The diﬀerences in the amount of the nanoparticles will aﬀect the
thermophysical properties of the nano-PCM in diﬀerent extents. There
are several models reported and extensively utilized in the current literature for modeling and calculating thermophysical properties (i.e.,
conductivity, viscosity, etc.) of nano-ﬂuids and nano-PCMs. The thermophysical property relationships as given in Eqs. (5)–(13) below
[45,46,9,47] are approximately suitable for the nano-PCM used in this
paper, where subscripts ‘nl’, ‘ns’, ‘n’, ‘l’, ‘s’ refer to properties of liquid
nano-PCM, solid nano-PCM, nanoparticles, liquid PCM, and solid PCM,
respectively.

It should be noted that the change in phase (i.e., solid to liquid) of
the nano-PCM occurs gradually within a transition stage. At this stage,
the properties of nano-PCM are inﬂuenced by a transition temperature
interval (i.e., ΔTm ) which is observed to be approximately 1 °C for the
PCM considered in this work. Table 3 presents the variation in the
thermophysical properties of nano-PCM (i.e., density, heat capacity,
viscosity, and thermal conductivity) within diﬀerent temperature
ranges with respect to Tm and ΔTm :where hsl,n is the latent heat of fusion
of nano-PCM and can be calculated by the following equation:

Density of nano-PCM, liquid phase: ρnl = (1−ϕ) ρl + ϕρn

(5)

hsl,n (1−θ) hsl

Density of nano-PCM, solid phase: ρns = (1−ϕ) ρs + ϕρn

(6)

At the transition stage, the value of speciﬁc heat increases into a
higher value compared to the solid and the liquid phase. The increment
in the speciﬁc heat is caused by the high absorption of heat in form of
latent heat within a small temperature range. In addition, in the transition stage, the viscosity drops from a high value in the solid phase to
low value in the liquid phase. To handle these changes, mushy zone
parameters [49,50] are used. As it is indicated in Eqs. (3) and (4), the
mushy zone is modelled using an additional source term (i.e., momentum sink) in the governing momentum equations. In the mo-

Dynamic viscosity of nano-PCM, liquid phase: μnl =
Thermal conductivity of nano-PCM, liquid phase
k + 2kl−2ϕ (kl−kn )
kl
: knl = n
kn + 2kl + ϕ (kl−kn )
Thermal conductivity of nano-PCM, solid phase
k + 2ks−2ϕ (ks−kn )
ks
: kns = n
kn + 2ks + ϕ (ks−kn )

μl
(1−ϕ)2.5

(7)

(8)

mentum equations the sink terms are Am

(1 − f )2

(9)

f3 + ε

u and Am

(1 − f )2

w , where
f3 + ε
Am is the mushy zone parameter (=105), f is the melting region identiﬁer, and ε (=10−8) is a small number to avoid division by zero. The
identiﬁer is given by f = 0 in the solid region (i.e., T < Tm), f = 1 in
the liquid region (i.e., T > Tm + ΔTm), and 0 < f < 1 (i.e.,
Tm ⩽ T ⩽ Tm + ΔTm ) [50].

Expansion coefficient of nano-PCM, liquid phase
: (ρβ )nl = (1−ϕ)(ρβ )l + ϕ (ρβ )n

(14)

(10)
2.5. Boundary and initial conditions

Expansion coefficient of nano-PCM, solid phase
: (ρβ )ns = (1−ϕ)(ρβ )s + ϕ (ρβ )n

(11)

The following initial and boundary conditions have been considered:

(12)

Bottom part of the C−TES system(t > 0):

Heat capacity of nano-PCM, liquid phase
: (ρCp)nl = (1−ϕ)(ρCp)l + ϕ (ρCp)n

Initial condition (t = 0): T (r ,z ,0) = T0, u = w = 0,
∂T (r ,0,t )
∂z

= 0, u = w = 0,

Lateral wall of the C−TES system(t > 0): T (R,z ,t ) = Th, u = w = 0,
Upper part of the C−TES system(t > 0): T (r ,H ,t ) = Th, u = w = 0.

Heat capacity of nano-PCM, solid phase: (ρCp)ns = (1−ϕ)(ρCp)s + ϕ (ρCp)n
(13)

(15)

As mentioned earlier, thermophysical properties are measured for
diﬀerent values of ϕ (up to 3.5%) and compared to the values obtained
from Eqs. (5), (7), (8), and (12), respectively. It is identiﬁed that the
discrepancies between using the equations and the measured values are
within the ± 1% error limit for the density and the speciﬁc heat, within
the ± 2.5% error limit for the viscosity, and within the ± 5% error limit
for the thermal conductivity. Therefore, during the numerical simulations, thermophysical property relationships (i.e., Eqs. (5)–(13)) are
used. Additionally, several samples of nano-PCM with diﬀerent volume
fractions were stored in the lab for approximately 30 weeks and periodically tested by melting and solidifying them in a controlled temperature environment. A small amount of sedimentation was observed
for the larger ϕ (approximately 2%).

2.6. Energy storage rate
The amount of the stored energy during the melting process can be
deﬁned by calculating the energy transferred from hot lateral walls to
the cold nano-PCM during the melting process. The transferred energy
can be deﬁned as the time integration of the instantaneous heat transfer
rate during the melting process, which is presented in equations below
[51].

E=

∫0

t

Q̇ (t ) dt

(16)

where Q̇ (t ) is the instantaneous heat transferred at the system
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temperature of the RT-27 was set to 22 °C and was heated 10 °C and
30 °C above the melting temperature of RT-27. To check the accuracy of
the present work, similar conditions as described in Shmueli’s [21]
work were set. The thermophysical properties of RT-27 are shown in
Table 8.
A comparison is presented in Figs. 3 where numerically obtained
images representing diﬀerent melting stages are compared for four selected times (i.e., 8 min., 20 min., 32 min., and 36 min.). In each image,
the solid PCM, liquid PCM, and solid-liquid interface are clearly visible.
Additionally, experimentally obtained images, reported in Shmueli
et al. [21] are added in Fig. 3a and comparisons are explained below.

boundaries during melting process deﬁned as:

Q̇ (t ) = (πd )

∫0

H

⎛−k ∂T ⎞ dz + (2π )
⎝ ∂r ⎠r = R

∫0

R

⎛−k ∂T ⎞
r dr
⎝ ∂z ⎠ z = H

(17)

where d (=2R ) is the inner diameter of the C-TES system and k represents the thermal conductivity of the nano-PCM. Further, the heat
transfer from the hot lateral wall to the cold nano-PCM can be evaluated by the average Nusselt number, which may be calculated based
on either thermal conductivity of PCM, kf, or thermal conductivity of
the nano-PCM, knf. The following equations can be used for calculating
the average Nusselt number:

Nusselt number based on knf : Nun =

hH
1
=−
knf
Th−Tm

∫0

H

⎛ ∂T ⎞ dz
⎝ ∂r ⎠r = R

(i) Images at 8 min. (Fig. 3a(i)): Images from present and Shmueli
et al.’s [21] numerical works are almost identical with a thin layer
of liquid PCM close to the vertical wall. The thickness of the liquid
layer in the experimental work seems slightly larger than both
numerical works. The top part of the solid PCM is slightly curved
for both numerical works, which is similar to the experimental
image.
(ii) Images at 20 min. (Fig. 3a(ii)): Portion of the upper part of the
enclosure occupied by the liquid PCM is bigger in size in the present numerical image than the Shmueli et al.’s [21] numerical
image. However, the experimental image shows a size that lies in
between two numerical works. The curvature of the top solid PCM
from present simulation work is similar to that of Shmueli et al.’s
[21] experimental work.
(iii) Images at 32 min. (Fig. 3a(iii)): Portion of the upper part of the
enclosure occupied by the liquid PCM is bigger in size in the present numerical image than the Shmueli et al.’s [21] numerical
image. However, the vertical liquid layer in Shmueli et al.’s [21]
work is relatively thicker in size than the present numerical work.
Shmueli et al.’s [21] experimental image shows a size that lies in
between two numerical works. The curvature of the top solid PCM
for all cases shows an inverted dome pattern.
(iv) Images at 36 min. (Fig. 3a(iv)): Most discrepancy between present
numerical and Shmueli et al.’s [21] numerical works is observed
here. However, the height of the solid PCM for present numerical
work is close to the Shmueli et al.’s [21] experimental work.

(18a)

Nusselt number based on kf : Nuf =
=−

hH
kf

1 ⎛ knf ⎞
⎜
⎟
Th−Tm ⎝ kf ⎠

∫0

H

⎛ ∂T ⎞ dz
⎝ ∂r ⎠r = R

(18b)

where h represents the surface averaged convection heat transfer
coeﬃcient. Note however that the magnitudes of Nun and Nuf may be
diﬀerent for a given condition, the value of h will remain same irrespective of these deﬁnitions.
2.7. Solution technique, grid and time interval dependency tests, and
validation
Eqs. (1)–(4) are numerically solved given the initial and boundary
conditions using a 2D axisymmetric model developed by the ﬁniteelement based COMSOL Multiphysics® software. Three diﬀerent mesh
sizes including 3471, 8255, and 19,209 elements are used to examine
the mesh dependency. The melting fraction (MF) for Ranl = 106 and
ϕ = 3% is numerically calculated by using three diﬀerent described
meshes above and the corresponding result is presented in Fig. 2a and
Table 4. The percentage of melting fraction (MF) is calculated using the
following equation:

MF =

Volume of the liquid nano-PCM
× 100%.
Total(solid + liquid)volume of the nano -PCM

In summary, it can be argued that a fair agreement is obtained

(19)

As it can be seen from Fig. 2a and Table 4, a slight diﬀerence among
the melting fractions are observed towards the end of the melting
process.
Therefore, to ensure the accuracy of the results and reduce the simulation time, the mesh size with 8255 is adopted for further calculations. A magniﬁed view of the considered mesh is presented in
Fig. 2b. As it can be seen, a non-uniform distribution of mesh with
higher concentration of elements near the rigid walls of the C-TES
system is considered. In addition, the detailed information regarding
the elements used in this mesh is shown in Table 5.
In the next step, the time dependency test is examined. To do so, the
melting fraction for the similar case as the above are numerically calculated using three diﬀerent time intervals as shown in Table 6. The
results of this test are shown in Fig. 2c and Table 7.
As it can be observed from Table 7 and Fig. 2c, the melting fraction
values at three diﬀerent selected values are almost identical for the
mentioned time intervals. As a result, the time independency of the
numerical model is concluded.
To validate the accuracy of the current numerical model, simulations are carried out to reproduce some results from Shmueli et al. [21].
Shmueli et al. [21] performed a numerical investigation to study the
melting process of RT-27 ﬁlled in vertical cylindrical tubes. Shmueli
et al. [21] considered two diﬀerent cylindrical tubes with the diameters
of 3 cm and 4 cm and height of 17 cm. These cylinders were insulated
from the bottom and heated isothermally from their sides. The initial

100
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6

Ranl=10 , φ=3%

60

MF (%)

Number of elements= 3471
Number of elements= 8071
Number of elements= 19209
40
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time (sec.)
Fig. 2a. Melting fraction for three diﬀerent mesh qualities (Ranl = 106,
ϕ = 3%).
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Table 4
Melting fraction values for there diﬀerent mesh qualities at three selected times,
Ranl = 106, and ϕ = 3%.
No. of elements

MF at 1000 s

MF at 2000 s

MF at 3000 s

3471
8255
19,209

57.29%
57.38%
57.54%

85.04%
85.17%
85.66%

98.26%
98.30%
98.52%

Table 5
Details of the mesh elements for Ranl = 106.

between the present work and numerical/experimental works reported
by Shmueli et al. [21]. Additional comparisons are reported in Section
3.4.
In addition to the qualitative comparison presented above, a
quantitative comparison is presented in Fig. 3b where results obtained
from current simulation using the case of Shmueli et al.’s [21] are
compared with the experimental and numerical work reported in [21].
As can be observed, the current simulation has a very good agreement
with Shmueli et al.’s [21] numerical work. However, their experimental
work shows more discrepancy beyond 2000 s. It can be further observed
from Fig. 3b that the diﬀerence between the experimentally and numerically obtained melt fractions obtained from Shmueli et al. [21] is
beyond 5% error limit after 2000 s (MF > 78%). Therefore, our validation decision is based on the agreement between numerically obtained melt fraction values from current simulation and numerically
obtained melt fraction values reported in Shmueli et al. [21].

Name of the elements

Number of elements

Triangular
Quadrilateral
Edge
Vertex

7348
556
342
9

Table 6
Time intervals used to examine the time dependency.
Starting time (s)

Ending time (s)

0
10
100

10
100
10,000

Time step (s)
Present simulation

Test 1

Test 2

0.01
0.1
10

0.1
1
100

0.005
0.05
5

either based on the liquid nano-PCM properties (Ranl) or liquid basePCM properties (Ral) as shown in Eqs. (20a) and (20b) below:

Rayleigh number based on liquid nano-PCM properties
: Ranl =

3. Results and discussion

gβnl H 3 (Th−Tm)
νnl αnl

(20a)

Rayleigh number based on liquid base-PCM properties
: Ral =

Results obtained from numerical simulations are presented and
discussed in this section. Results include images during the melting
process, percentage of melting fraction, Nusselt number, and rate of
energy storage. These parameters are presented for diﬀerent values of
nanoparticles volume fraction and Rayleigh number. In this study,
Rayleigh number is corresponded to laminar ﬂow and can be deﬁned

gβl H 3 (Th−Tm)
νl αl

(20b)

Line of symmetry

It should be noted that the magnitude of Ranl changes with changing
ϕ as thermophysical properties of liquid nano-PCM (i.e., μnl, αnl, βnl,
etc.) depend strictly on ϕ. Therefore, to keep Ranl constant with changing ϕ the magnitude of H should be adjusted for a given reference

Rigid wall

(ii)

(i)
Fig. 2b. (i) A magniﬁed view of the mesh distribution inside the C-TES system and (ii) a magniﬁed view of the mesh distribution at the upper left corner of the
geometry.
247

Energy Conversion and Management 166 (2018) 241–259

S. Ebadi et al.

100

case) and 5% (8.7% increase in height compared to ϕ = 0% case). Each
row in Fig. 4 implies the eﬀect of melting time, while each column
implies the eﬀect of ϕ. At the beginning of the melting process, the
entire nano-PCM is in the solid form at the initial temperature (T0). Just
after initiation of the higher wall temperature (Th), the solid nano-PCM
adjacent to heated walls of the C-TES system absorbs the thermal energy from the walls, which increases the solid nano-PCM’s temperature
sensibly, until it reaches the melting temperature (Tm). At this stage
(e.g., see Fig. 4(a)) vertical thin layers of liquid nano-PCM adjacent to
lateral walls and at the top are appeared which lead to having a solidliquid interface. Conduction is the dominant heat transfer mode at early
stages of melting process, as the narrowness of the liquid nano-PCM
layers allow the dominance of the viscous force over the buoyancy or
inertial forces, resulting in a motionless (or nearly motionless) liquid
nano-PCM. These layers will grow as heating continues. With ongoing
heating, buoyancy or inertial forces overcome the viscous force, which
will initiate the upward motion of warm liquid nano-PCM. This motion
is pronounced initially at the top corners of the enclosure. Speciﬁcally,
a relatively wider region of liquid nano-PCM is observed at the upper
edges of the enclosure, which grows as time advances further. However,
at the lower part of the vertical liquid layers of the nano-PCM, conduction is still the dominant mode of heat transfer (see Fig. 4(b)). This
combined natural convection and conduction dominated melting zone
can be termed as the mixed or transition regime of melting. As time
furthers, natural convection becomes more dominant, thus widening up
more space ﬁlled with liquid nano-PCM. Thermal stratiﬁcation and
convective motion simultaneously assist accumulation of more thermal
energy at the upper part, resulting in a curved interface at the top. As
time advances further, intensiﬁed convection motion melts down remaining solid nano-PCM gradually. At some stage, conduction dominated melting is completely diminished and this can be attributed from
the change in the shape of the remaining solid nano-PCM from a nearly
ﬂat pattern to a dome shape pattern (see Fig. 4(c)–(f))). Adding nanoparticle does not show a signiﬁcant improvement on the melting rate at
the early stage of the melting process where conduction heat transfer
dominates. Although adding nanoparticles improved the thermal conductivity of the nano-PCM and reduce slightly the thermal resistant in
the liquid layers, due to the motionless molten nano-PCM, there is not a
signiﬁcant improvement in the melting rate at these stages. Note
however that the size of the enclosure is slightly bigger for ϕ = 3% and
ϕ = 5%. However, as it can be seen from Fig. 4(f), (l), and (r), adding
nanoparticles improved the melting rate at the later stages of the
melting process. At these stages, natural convection is the dominant
form of heat transfer. By adding nanoparticles with diﬀerent ϕ, the
dominance of natural convection occurs earlier, which results in higher
melting fraction rates. Therefore, increasing the ϕ from 3% to 5%
showed more improvement on the melting rate. Figs. 5a and 5b show
the eﬀect of Ranl on the progression of melting process at ϕ = 3%. Note
that 2.17 and 4.64 times increase in the H are required to achieve
Ranl = 107and Ranl = 108, respectively, from Ranl = 106. In Fig. 5a,
thermal images are selected in a way to match the percentage melting
fractions closely at all three Ranl s. The corresponding times of melting
are presented in the ﬁgure as well. An increase in Ranl implies an increase in the height of the nano-PCM, which results in larger time of
melting to achieve same level of melting fractions at higher Ranl. An
increase in Ranl further implies stronger buoyancy force and this can be
attributed to the shape of the remaining solid nano-PCM at higher Ranl.
For the case of Ranl = 106, the shape resembles a dome, while at
Ranl = 108, it is like a slender inverted parabola. The distance between
dominance of natural convection regime close to the top of the enclosure and the remaining solid nano-PCM increases as well at higher
Ranl (see images Fig. 5a(j)and (p)). Similar behavior is shown in Fig. 5b
where melting progression at the same time intervals is presented.
Fig. 6 presents the trend of melting fraction at diﬀerent ϕ and Ranl.
Due to the high temperature diﬀerence between hot wall and cold solid
nano-PCM at the beginning of the melting process, the melting rate is

80

Ranl=106, φ=3%
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Present model
Test 2
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Fig. 2c. Melting fraction calculated with three diﬀerent time intervals
(Ranl = 106, ϕ = 3%).
Table 7
Melting fraction values for three diﬀerent time intervals (Ranl = 106, ϕ = 3%).
Model

MF at 1000 s

MF at 2000 s

MF at 3000 s

Present simulation
Test 1
Test 2

57.29%
57.31%
57.32%

85.04%
85.04%
85.03%

98.26%
98.3%
98.26%

Table 8
Thermophysical properties of RT-27 [52].
Thermo-physical properties

β (1/K) - Coeﬃcient of Thermal Expansion
h (kJ/kg) - Latent heat of fusion
k (W/m K) - Thermal conductivity
ν (m2/s) - Kinematics Viscosity
cp (J/kg K) - Speciﬁc heat
ρ (kg/m3) - Density
Tm ( °C) - Melting Temperature

Rubitherm, RT-27
Liquid

Solid

0.0005
179
0.15
3.42 × 10−3
1800
760
28–30

–
0.24
–
2400
870

temperature diﬀerence (i.e, Th–Tm). However, Ral does not change with
any changes in ϕ as the thermophysical properties of base-PCM (i.e., μl,
αl, βl, etc.) are independent of ϕ. Both Ranl and Ral are extensively used
in the literature related to nanoﬂuids and nano-PCMs. In this paper,
Ranl is used to include the eﬀect of adding nanoparticles with diﬀerent
ϕ. Ranl gives some advantages over Ral while establishing correlation
with other dimensionless parameters, such as, Nusselt number.

3.1. Evolution of solid-liquid interface and trend of melting fraction
Fig. 4 shows the evolution of solid-liquid interface of nano-PCM
inside the C-TES system at Ranl = 106 for three selected volume fractions of nanoparticles (i.e. ϕ = 0%, 3%, and 5%). For each ϕ, numerically obtained thermal images are presented at six selected times to
cover a range of characteristic melting regimes. Corresponding values
of melting fractions are presented in the individual ﬁgure title as well.
Note that the height of the enclosure has to be adjusted slightly to keep
Ranl = 106 at ϕ = 3% (5.1% increase in height compared to ϕ = 0%
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Shmueli et al. [21]
Simulation Experiment

Present
Simulation

Shmueli et al. [21]
Simulation Experiment

(i) 8 minutes

(ii) 20 minutes

(iii) 32 minutes

(iv) 36 minutes

Present
Simulation

Fig. 3a. Validation of the numerical model with previously published work in the literature [21].

expected after adding nanoparticles. It is clear from Fig. 6 that the
nano-PCM having ϕ = 5% shows a higher melting rate than nano-PCM
with ϕ = 3%. However, adding higher volume fractions of nanoparticles does not always lead to a proportional increase in the melting
rate. The reason behind this statement is that, in general cases (except
heavy oils used as the PCM) adding nanoparticles to a PCM, increases
the viscosity of the PCM, which will suppress the natural convection
during the melting process [10,53]. Although increasing the height of
the ﬁlled nano-PCM in the C-TES system will increase the heat transfer
area, it increases the quantity of the nano-PCM as well, which requires
more time to melt. At the last stages of the melting process, the enclosure is occupied by the liquid nano-PCM followed by a small amount
of solid nano-PCM at the bottom of the enclosure. The interface area

high. Therefore, the slope of the melting fraction curvature at the beginning (e.g., 200 s) is higher than subsequent time intervals. As discussed earlier, dispersing nanoparticles into the PCM at the early stages
showed an insigniﬁcant impact on the melting rate which can be clearly
observed from MF-time plot for all ϕ. For better understanding, a
quantitative comparison is presented in Table 9 for time t = 300 s.
Temperature increased faster in the nano-PCM than the pure PCM
due to higher thermal conductivity. This resulted in a higher melting
rate in nano-PCM than pure PCM. Adding nanoparticles to the PCM
reduces the latent heat of fusion of the nano-PCM, which implies that
less amount of energy is required for melting as long as the diﬀerence
between the hot lateral wall temperature and the melting temperature
of the nano-PCM remains constant. As a result, higher melting rate is
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1

3.2. Trend of the surface-averaged Nu number
current simulation + 5%

0.9
0.8

In this section, attention is given to characterize and discuss the
surface average heat ﬂux which is presented as dimensionless Nusselt
number (Nun ). The transient variation of the surface-averaged Nun
throughout the melting process is presented in Fig. 7. The Nun-time
proﬁles in Fig. 7 exhibit a unique pattern variation at diﬀerent time
ranges during melting as opposed to the MF-time proﬁle (see Fig. 6)
where MF grows monotonically as time advances. As discussed earlier,
the conduction dominates the melting process and creates a thin layer
of liquid nano-PCM initially. The thermal resistance inside this thin
liquid layer is relatively low, resulting in a relatively high temperature
gradient and a high heat ﬂux. Therefore, the magnitude of the Nun is
higher at the initial stages of the melting process. This thin liquid layer
grows in the conduction dominated regime as time advances. As a result
of that a sharp drop in the magnitude of the Nun is observed and this
sharp drop is ceased at a particular time (depending on Ranl ) with a
clear change in the slope of Nun-time proﬁle. The change in slope is an
early indication of the formation of thermal boundary layer and the
initiation of the convective motion at the upper part of the liquid layer.
Heat transfer rate is relatively high inside this growing boundary layer
region, while it is still the opposite inside the diminishing conduction
dominated regime. Therefore, the two opposing trends in heat transfer
inside the mixed convection and conduction regime (i.e., the transition
regime) causes the slope change in Nun-time proﬁle. As discussed in
Bejan [26], Nusselt number remains constant (i.e., independent of time
variation, but function of Rayleigh number) inside a fully convection
dominated melting regime where height of the remaining solid PCM
remains equal to the enclosure height until a particular time. A true

current simulation - 5%

0.7
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PCM: RT-27
o
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Current Prediction
Numerical simulation by Shmueli et al. [21]
Experimental work by Shmueli et al. [21]

0.2
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Fig. 3b. Validation of the simulated result with result obtained in Shmueli et al.
[21].

between the solid and liquid nano-PCM is relatively small. Therefore,
melting process slows down towards the end resulting in a change in
the slope of the MF-time curve.

(a) 180 s,
MF=24%

(b) 600 s,
MF=42.6%

(c) 1200 s,
(d) 1800 s,
MF= 61.1%
MF=77.8%
φ = 0%

(e) 2400 s,
MF=89.8%

(f) 3000 s,
MF=96.9%

(g) 180 s,
MF=25.1%

(h) 600 s,
MF=44.3%

(i) 1200 s,
(j) 1800 s,
MF=63.5%
MF=80.5%
φ = 3%

(k) 2400 s,
MF=92%

(l) 3000 s,
MF=98.2%

(m) 180 s,
MF=25.7%

(n) 600 s,
MF=45.5%

(o) 1200 s,
(p) 1800 s,
MF=65.3%
MF=82.3%
φ = 5%

(q) 2400 s,
MF=93.5%

(r) 3000 s,
MF=99%

Fig. 4. Eﬀect of diﬀerent volume fractions of nanoparticle on the melting progression at diﬀerent time for Ranl = 106.
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(a) MF=25.2%,
180 s

(b) MF=44.3%,
600 s

(c) MF=63.5%,
1200 s

(d) MF=80.5%,
1800 s

(e) MF=92%,
2400 s

(f) MF=98.2%,
3000 s

(g) MF=25.2%,
230 s

(h) MF=44.3%,
740 s

(i) MF=63.5%,
1480 s

(j) MF=80.5%,
2200 s

(k) MF=92%,
2890 s

(l) MF=98.2%,
3610 s

(n) MF=44.3%,
830 s

(o) MF= 63.5%,
1380 s

(p) MF= 80.5%,
2580 s

(q) MF=92%,
3380 s

(r) MF= 98.2%,
4230 s

(m) MF= 25.2%,
260 s

Ranl =106

Ranl =107

Ranl =108

Fig. 5a. Eﬀect of diﬀerent Ranl on the melting progression at diﬀerent time for a given ϕ = 3% and the same MF.

coeﬃcient (h) at diﬀerent ϕ is plotted within Fig. 7. A higher value of h
is observed at larger ϕ . As Nun is proportional to h/knf, a reduction in
Nun in this case refers to a smaller h/knf at higher ϕ . Nano-PCM properties are aﬀected by any change in the volume fraction of nanoparticles; more elaborately, an increase in the value of ϕ increases the
thermal conductivity and the density, but decreases the speciﬁc heat
and heat of fusion of the PCM. Due to such change in the property
values, it is observed that the value of the Rayleigh number decreases
with increasing ϕ if the height of the enclosure is ﬁxed. Therefore, the
height of the enclosure is adjusted each time to keep Ranl constant with
changing ϕ. For example, consider the case of Ranl = 108 in Fig. 7, the
magnitude of the convection heat transfer coeﬃcient (h) is appeared to
be slightly larger at ϕ = 3% when compared to ϕ = 0%. However, due
to the height adjustment (here height increases for ϕ = 3%) to keep the
Ranl constant for all ϕs, the thermal conductance (i.e., surface area of
the enclosure × convection heat transfer coeﬃcient) must be even
larger at ϕ = 3% when compared to ϕ = 0% situation, which will
guarantee higher heat transfer rate. Therefore, Nun-time proﬁles alone
do not give a complete conclusion on the inﬂuence on nanoparticles on
Nusselt number.
Additionally, at a given time, the magnitude of Nun is higher at
higher Ranl as expected. Nun-time proﬁle requires more time to reach its
last asymptote (i.e., Nun → 0; the thermal equilibrium point) when Ranl
is higher.

fully convection dominated regime does not exist in the current study;
instead convection dominated melting occurs in parallel with the
shrinking solid nano-PCM. Therefore, just after the conduction regime
diminishes completely, another change in the slope is observed in the
Nun -time proﬁle. Throughout the combined convection dominated and
shrinking solid nano-PCM regime, Nun drops as time advances. At the
end of the melting process, where nano-PCM is melted completely, the
liquid nano-PCM reaches to a thermal equilibrium with the wall temperature while ceasing any heat transfer through the wall, Nun drops to
a minimum value with ﬁnal change in the slope of Nun-time proﬁle.
In the conduction dominated regime, Nun variations with time is
nearly unaﬀected by any change in ϕ . Note that, in the pure conduction
dominated melting zone, Nun is proportional to the ratio of wall heat
ﬂux to the thermal conductivity of the nano-PCM. As discussed earlier,
both wall heat ﬂux and thermal conductivity increase with increasing ϕ
in the conduction regime, Nun remains nearly unchanged with changing
ϕ in this regime. Gradual variation in the magnitude of Nun with
changing ϕ is observed in the transition and subsequent regimes of
melting. It is observed that adding nanoparticles into the PCM decrease
the magnitude of the Nun where a larger reduction in the magnitude is
observed for greater ϕ , speciﬁcally, toward later stages of combined
convection and shrinking solid regimes. Note however that a reduction
in Nun does not always imply a reduction in the heat transfer rate. To
assist this concern further, the behavior of the convective heat transfer
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(a)180 s
MF=25.1%

(b)600 s
MF=44.3%

(c) 1200 s
MF=63.5%

(d) 1800 s
MF=80.5%

(e) 2400 s
MF=92%

(f) 3000 s
MF=98.2%

(j) 1800 s
MF=71.4%

(k) 2400 s
MF=84.4%

(l) 3000 s
MF=93.3%

(p) 1800 s
MF=65.8 %

(q) 2400 s
MF= 77.3%

(r) 3000 s
MF=87.1 %

Ranl =106

(g) 180 s
MF=22.4%

(a) 600 s
MF=39.9%

(i) 1200 s
MF=56.4%

Ranl =107

(m) 180 s
MF= 21.2%

(n) 600 s
MF=38%

(o) 1200 s
MF= 53.4%

Ranl =108
Fig. 5b. Eﬀect of diﬀerent Ranl on the melting progression at the same time for a given ϕ = 3%.

degradation of the temperature gradient occurs as the thermal equilibrium is achieved inside the enclosure.
At the beginning of the melting process, where a large portion of the
enclosure is ﬁlled with solid nano-PCM, stored energy primarily depends on the speciﬁc heat capacity of solid nano-PCM, i,e., (ρCp)ns . The
improvement of this speciﬁc heat capacity with increasing ϕ is nearly
insigniﬁcant; for example, a 0.06% increase of (ρCp)ns is calculated
when ϕ is changed from 0% to 5%. Therefore, almost no variation is
observed in the energy stored proﬁles at diﬀerent ϕ in the conduction
regime of melting. From the thermophysical property values, it can be
shown that the speciﬁc heat capacity of liquid nano-PCM (ρCp)nl increases with increasing ϕ , while the latent heat capacity ( ρ hnl ) of nanoPCM decreases with increasing ϕ . Therefore, beyond the conduction
regime of melting, storing energy inside the enclosure largely depends
on speciﬁc heat capacities of solid and liquid nano-PCMs, latent heat
capacity, and the relative magnitudes of these heat capacity values,
respectively. Overall, increasing ϕ slightly decreases total energy stored
inside the enclosure given that the size of the enclosure is unchanged
(i.e., Rayleigh number is deﬁned at base properties). Note that the size
of the C-TES system should be increased to keep the Ranl constant with
increasing ϕ . Therefore, due to the enlarged size, total energy stored in
the C-TES system at Ranl = 106 is higher than at Ral = 106 when ϕ is

3.3. Energy stored
Fig. 8 presents energy stored inside the C-TES system with time for
selected values of volume fraction of nanoparticles and Rayleigh
number. For ϕ = 0, 3%, and 5%, the transient variation in the energy
stored is presented at Ral = 106 . Two additional proﬁles, representing
Ranl = 106 at ϕ = 3% and 5%, are presented as well for comparison
purpose. Focusing on a single proﬁle of transient variation in the energy
stored given in Fig. 8 (e.g., Ral = 106 and ϕ = 0%), it is observed that
stored energy increases from zero to a maximum value as time advances
during the melting process. However, the rate of energy stored is initially high which can be conﬁrmed from the high slope of the proﬁle at
the beginning of the melting process. The relatively higher magnitude
of the temperature gradient at the early stage of melting (i.e., in the
conduction regime) assists transfer of larger amounts of energy and
subsequently storing it. A change in the slope of the proﬁle is observed
near the time where transition melting regime (i.e., the conduction + convection melting regime) is evolved. From this point onward,
energy is stored with an almost linearly increasing trend as time passes
through the remaining transition regime and most part of convection
with shrinking solid regime. Towards the end of melting, the rate of the
stored energy decreases to its minimum where the maximum
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In this section, some selected results obtained from the current
numerical simulations are compared to the results obtained from subsequent experimental analyses. For this purpose, an experimental setup
is constructed to perform the melting experiment and images are captured during the melting process of the nano-PCM inside the C-TES
system. A schematic diagram of the complete experimental setup is
presented in Fig. 10a. The setup consists of an acrylic water tank, which
is insulated from all sides except one for visualization, a water heater
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3.4. Comparison with experiments
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for all the three selected values of Rayleigh number. The diﬀerence in
energy stored with Rayleigh number is less during the beginning of the
melting; as melting reaches the convection dominated regime, a larger
diﬀerence is observed due to increased melting with Rayleigh number
in convection regime.
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Fig. 8. Comparison of total energy stored inside the C-TES system for diﬀerent
volume fractions of nanoparticles (ϕ = 0, 3, and 5%) and Ranl , Ral = 106.
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MF and its increment by dispersing of nanoparticles at 300 s.
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Fig. 6. Comparison of melting fraction between diﬀerent volume fractions of
nanoparticles (ϕ = 0, 3, and 5%) and Ranl = 106, 107, and 108.
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Fig. 7. Comparison of average Nusselt number based on knf for ϕ = 0, 3, and
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constant.
Fig. 9 illustrates energy stored inside the C-TES system with time for
a given value of ϕ at Ranl of 106, 107, and 108 , respectively. A general
trend of increased energy stored at larger Rayleigh number is observed.
A higher slope is observed at larger Rayleigh number which is expected
due to the larger amount of heat transfer through the wall. Very high
energy storage is observed initially which approaches an almost steady
value later when melting process is dominated by natural convection
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Fig. 9. Comparison of total energy stored inside the C-TES system for diﬀerent
Ranl (=106, 107, and 108) and ϕ = 5%.
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Fig. 10a. Schematic diagram of the experimental setup used for visualization.

temperature of 60 °C. To ensure the homogeneity of the mixture, it is
stirred by a magnetic stirrer (model: SP88854100, manufacturer:
Thermo Scientiﬁc) initially for 12 h. Then an ultrasound sonicator
(model: Q500, manufacturer: Qsonica) is used to improve the homogeneity of the mixture further, to minimize the sedimentation, and to
release the trapped air inside the nano-PCM. Subsequently, one enclosure is ﬁlled with H = 8.5 cm of nano-PCM (Ranl = 1.3 × 107),
while the other enclosure is ﬁlled with H = 8.6 cm of pure PCM
(Ranl = 1.35 × 107). It is worth mentioning that visualization process
becomes increasingly diﬃcult for the nano-PCM, speciﬁcally at higher
values of ϕ , due to its dark black color. Therefore, a relatively lower
value of ϕ is selected as our intention is to make a comparison of
melting images obtained from numerical simulation and experimental
visualization (see Fig. 10b).
The PCM and nano-PCM-ﬁlled enclosures are put inside a constant
temperature bath where water is maintained at 21 °C using a low
temperature thermal regulator. Subsequently, multiple melting and
solidiﬁcation processes are conducted to ensure the stability of the
mixture and to release the trapped air inside the PCM and nano-PCM.

equipped with a circulatory pump, a digitally controlled thermal regulator, T-type thermocouples, and a 16-channel DAQ system. The acrylic tank is divided into two parts by using a barrier to avoid the intensity of the water circulation and turbulent eﬀect caused by the
circulatory pump. To have a better background for capturing the
images during the melting process, one side of the barrier where nanoPCM located in front of that was painted white, while, the other side
was painted black for the pure PCM. A 5 cm clearance is maintained
between the bottom of the acrylic water tank and lower part of the
barrier. Melting experiments are performed on both PCM and nanoPCM simultaneously to ensure exactly same experimental environment
and to avoid any discrepancy due to the change in minor environmental
condition. To ensure this, two vertical C-TES systems are constructed by
using acrylic pipes with inner diameters of 4.44 cm and thicknesses of
0.3 cm. These two enclosures are insulated from the bottom and vertically attached to a 2.5 cm thick acrylic plate by using transparent acrylic cement. The center-to-center distance between the two enclosures
is 14 cm. To prepare the nano-PCM, 50 mg of copper oxide nanoparticles are dispersed into 350 ml of molten coconut oil at the

(i)

(ii)

Fig. 10b. Experimental setup: (i) Constant temperature bath (ii) C-TES system inside the constant temperature bath during the melting process.
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visualization are presented and compared in Fig. 11 for pure PCM and
Fig. 12 for nano-PCM, respectively. Corresponding melting fractions are
presented as well. The selected images cover almost the entire range of
melting regimes, which exhibit the diﬀerent characteristic features of
the melting process as given below:

Next, the enclosures are placed inside the acrylic water tank where the
temperature of the water is elevated and maintained at 34 °C (10 °C
above the Tm) to initiate the melting process. To ensure the isothermal
boundary condition inside the acrylic water tank, T-type thermocouples
were placed at the top and bottom of the acrylic water tank, which
monitored the temperature of the water every 10 s. A digital camera is
used to capture images periodically (i.e. every 60 s) to track the liquidsolid interface during the melting process. For eight selected times,
images obtained from numerical simulation and experimental

(a) Images at t = 180 and 600 s: At these time intervals, the solid-liquid
interface is parallel to the walls, a pattern resembles the conduction
dominated melting process as discussed earlier. By comparing the

Numerical Model

Experimental Work

Numerical Model

Experimental Work

MF=17.1 %

MF=13.4 %

MF= 34.3 %

MF=29.5 %

(a) Time = 180 sec.

MF=49.4 %

(b) Time = 600 sec.

MF= 46.2%

MF=63.6 %

(c) Time = 1200 sec.

MF= 77.3 %

MF= 88.1 %

MF= 72.1 %

(e) Time = 2400 sec.

MF= 92.1 %

MF=59.3 %

(d) Time = 1800 sec.

MF= 83.9 %

(f) Time = 3000 sec.

MF= 88.5 %

MF= 95.1%

(g) Time = 3300 sec.

MF= 92.6 %

(h) Time = 3600 sec.

Fig. 11. Melting visualization comparison between numerical and experimental works for pure PCM, Ranl = 1.35 × 107, and H = 8.6 cm.
255

Energy Conversion and Management 166 (2018) 241–259

S. Ebadi et al.

Numerical Model

Experimental Work
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MF= 19 %

MF= 13.6 %

MF= 34.4%

MF= 31.7 %

(a) Time = 180 sec.

MF= 49.7 %

(b) Time = 600 sec.

MF= 45.3 %

MF= 64.3%

(c) Time = 1200 sec.

MF= 78.2 %

MF= 88.9%

MF= 73.6 %

(e) Time = 2400 sec.

MF= 92.7%

MF= 62 %

(d) Time = 1800 sec.

MF= 85.1 %

(f) Time = 3000 sec.

MF=95.6%

MF= 88.6%

(g) Time = 3300 sec.

MF= 93.1 %

(h) Time = 3600 sec.

Fig. 12. Melting visualization comparison between present numerical and experimental works for nano-PCM (0.05 g CuO + 350 ml coconut oil), Ranl = 1.3 × 107,
and H = 8.5 cm.

forces overcome the viscous forces. Higher temperature liquid
PCM/nano-PCM are accumulated at the top due to the thermal
stratiﬁcation eﬀect. As a result, the remaining solid PCM/nano-PCM
resembles a dome shape. A slightly ﬂatter curvature at the top can
be observed in the numerical work for both PCM/nano-PCM. As it
can be seen from the melting fraction values under each image, the
magnitude of the numerically obtained melting fractions are higher
than the experimentally obtained values.
(c) Images at t = 2400 and 3000 s: As natural convection develops, the

numerical model and experimental images, an almost identical
pattern can be observed. However, the thickness of the liquid PCM
or nano-PCM layer close to the lateral walls in numerical simulation
seems to be slightly larger than the experimental images. The top
part of the remaining solid PCM/nano-PCM is slightly more curved
for the numerical work. The numerical model showed a higher
melting fraction for both pure PCM and nano-PCM.
(b) Images at t = 1200 and 1800 s: At these time intervals, the warm
liquid PCM/nano-PCM starts to move upward as the buoyancy
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remaining solid part tends to have an inverted paraboloid shape.
For the pure PCM, the experimental images show a sharper curvature at the top than numerical work. However, an opposite behavior
exists at the same time for nano-PCM. At these time intervals, the
discrepancy of the melting fraction between numerical models and
experimental work increases.
(d) Images at t = 3300 and 3600 s: Most discrepancy in the melting
pattern between numerical models and experimental works is seen
here. A sharper curvature at the top of the remaining solid PCM/
nano-PCM is observed.

Table 11
Uncertainty analysis of experimental work.

In general, a good agreement between numerical result and experimental work is achieved. However, there are some discrepancies
observed in melting pattern and melting fraction. Several factors can
possibly be the reasons for such discrepancies. One of the possible
major factors is the conduction resistance due to ﬁnite thickness of the
acrylic pipe, which is ignored during numerical simulation. This resistance may reduce heat transfer rate slightly in the experimental work
even though the outer surface temperature is kept constant in both the
numerical simulation and the experiment work. In addition to that, in
the experimental work an expansion of the nano-PCM is seen in the
enclosure during melting process. However, this phenomenon is ignored in the numerical model. Other minor factors may include the
diﬀerence between the thermophysical properties based on property
models and exact property values, heat loss through the bottom of the
enclosure, and minor water temperature ﬂuctuations in the acrylic
tank. Table 10 shows the diﬀerence between melting fraction calculated
by the numerical model and experimental work for pure PCM and nanoPCM as it is discussed earlier in this section (i.e. Figs. 11 and 12). It
should be noted that the melting fractions of the images obtained from
experimental work are calculated by using the Grafula software and
based on the image processing method as it was also used in [54]. To do
so, a curvature was ﬁtted to the solid-liquid interface for the nanoPCM/PCM by tracing the solid-liquid interface line using cursor. At the
next step, the coordination of each point located at the solid-liquid
interface was extracted. Finally, according to the dimensions of the CTES system and Eq. (19), the melting fractions for nano-PCM and pure
PCM at diﬀerent time intervals were obtained.

Equipment

Accuracy (Uo)

Measured
values (x)

Relative
uncertainty (Uc/x)

T-type omega
thermocouples
Omega Heater (HCTB3020)
Cole-Parmer Polystat
(CR250WU)

± 1 [°C]
± 0.01 [°C]

21 °C
34 °C
34 °C

± 4.7%
± 2.9%
± 0.03%

± 0.1 [°C]

21 °C

± 0.47%

liquid interface by moving the cursor along the solid-liquid interface.
Hence, the human error could cause an uncertainty at this stage. By
repeating this approach and comparing the obtained melting fraction at
diﬀerent time intervals multiple times, it was seen that there is less
than ± 5% error associated with such calculation.
4. Conclusion
The melting process, heat transfer and energy storage characteristics
of a bio-based nano-PCM in a C-TES system are numerically investigated and veriﬁed with experimental work. The C-TES system is
assumed to be ﬁlled with copper oxide nanoparticles dispersed in coconut oil at diﬀerent volume fractions of nanoparticles (ϕ ) and diﬀerent
Rayleigh numbers (Ranl ). The modeling results are compared with
previously published numerical and experimental works and a good
agreement is achieved. The following conclusion can be drawn from the
obtained results:

• Initially, the melting process is dominated by conduction. As time

•

3.5. Uncertainty analysis of the experimental work
In this section, the uncertainty analysis of experimental work used
to validate the numerical results is presented. These uncertainties could
be associated to two stages including (i) maintaining isothermal
boundary conditions before and during performing experiment (i.e.
maintaining the initial temperature of 21 °C and 34 °C during the experiment) and (ii) processing the melting fractions for images obtained
from experimental work. The accuracies of the thermal regulators used
in the experimental work are shown in Table 11.
Other uncertainty could be associated with the calculations of the
melting fraction using Grafula software. As it is mentioned earlier in the
Section 3.4, the calculations are based ﬁtting a curvature to the solid-

•

advances, the buoyancy force can overcome the viscous force, resulting in a gradual increase in the domination of natural convection
melting. For a certain period, mixed conduction and convection
remain dominant mode of melting, while the inﬂuence of the conduction diminishes with time. Subsequently, the melting process is
dominated by convection while the height of the solid nano-PCM
shrinks as time advances. The shape of the remaining solid nanoPCM is controlled by these regimes at each stage.
Adding copper oxide nanoparticles to coconut oil does not show a
signiﬁcant eﬀect on the melting rate at the early stages of melting
process. However, as time advanced, dispersion of copper oxide
nanoparticles to coconut oil improves the melting rate in the PCM.
The magnitude of the Nusselt number is higher at the initial stages
of the melting process due to the relatively high temperature gradient and a high heat ﬂux at this stage. Nusselt number drops
sharply from a large value in the conduction regime as time advances. A change in slope in the Nusselt number proﬁle is an indication of the formation of thermal boundary layer and the initiation of the convection. This slope change strongly depends on the
Rayleigh number. A fully convection dominated regime does not
exist, instead convection dominated melting occurs in parallel with

Table 10
A comparison between melting fraction (%) calculation by numerical model and experimental work.
Time (s)

180
600
1200
1800
2400
3000
3300
3600

Pure PCM

Nano-PCM

Numerical

Experimental

Diﬀerence (%)

Numerical

Experimental

Diﬀerence (%)

17.1
34.3
49.4
63.6
77.3
88.1
92.1
95.1

13.4
29.5
46.2
59.3
72.1
83.9
88.5
92.6

21.6
13.9
6.4
6.7
6.7
4.7
3.9
2.6

19
34.4
49.7
64.3
78.2
88.9
92.7
95.6

13.6
31.7
45.3
62
73.6
85.1
88.6
93.1

28.4
7.8
8.8
3.5
5.8
4.2
4.4
2.6
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•
•
•

the shrinking solid nano-PCM. Nano-PCMs with higher volume
fractions of nanoparticles exhibit larger convection heat transfer
coeﬃcients.
Increasing volume fractions of nanoparticles decreases total energy
stored inside the C-TES system given that the size of the enclosure is
unchanged (i.e., Rayleigh number is deﬁned at base properties).
However, opposite nature in the energy storage rate is observed if
the Rayleigh number is deﬁned based on nano-PCM properties.
Finally, numerically obtained solid-liquid interface locations and
melt fractions for base PCM and nano-PCM are compared with experimental results and a very good agreement is obtained which
gives conﬁdence in the obtained numerical results.
Both melting and solidiﬁcation processes are equally important for
the TES system performance. In the subsequent studies, solidiﬁcation process inside a cylindrical TES will be performed and the eﬀect
of addition of nanoparticles will be examined to have a better understanding of the eﬀect of addition of nanoparticles on both
melting and solidiﬁcation processes in a cylindrical TES system.
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