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ABSTRACT
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The fluctuating behavior of thermal solar energy creates an enormous need to store thermal solar
energy during available periods and use it when unavailable. Among different thermal energy
storage techniques, latent thermal energy storage using phase change materials or PCMs has many
attractive characteristics, e.g. a low ratio of volume to energy, and isothermal charging and
discharging processes. However, the thermal behavior of most phase change materials is alleviated
by their low thermal conductivity. To study the potential enhancement of the performance of latent
thermal energy storage, dispersing metallic nanoparticles and using metal foams were investigated
in the present work. Rectangular and square thermal storage units were studied both
experimentally and numerically. Furthermore, a scale analysis of the melting process was
performed. In addition, energy streamlines and heatline calculations were performed. Finally,
exergy analyses were performed for closed latent heat storage. The numerical model used in the
porous case was the Brinkman model. The experimental and numerical results showed that the
metal foam significantly enhanced the thermal behavior of the thermal storage unit when compared
with the nanoparticles. In order to improve the nano-PCM thermal behavior, more nanoparticles
should be used. Nevertheless, using high volume fractions of nanoparticles caused sedimentation.
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Chapter 1
1. Introduction
Over the years, a shortage of fossil fuel has increased the efforts to find alternative energy sources
and to improve the performance of new energy systems [1]. Thermal storage has become an
attractive research field over the last 30 years [2]. Efforts have been highly intensified to improve
the performance of thermal energy storage systems due to their potential applications to numerous
fields of engineering, e.g. solar plants [3], heating and cooling buildings [4], and heating water [5].
One of the key applications of thermal storage is to store solar thermal energy in solar power plants
[6]. Solar energy has the potential to fulfill a portion of the energy demand of the world over the
long term. Although solar energy is renewable, free, and clean [7], fluctuations in solar radiation
produce a huge obstacle in the way of utilizing solar thermal energy effectively at any time. The
lack of insolation during nights or unclear skies reduces the direct and continuous use of solar
energy. This limitation has encouraged many researchers in the field of solar energy to find
techniques to store excess amounts of solar energy, which are then released when a lack of
insolation occurs [8]. Another application of thermal storage is domestic usage [5]. Thermal
storage balances the difference between the energy supply and demand, and improves the
performance of the energy systems [9].

1.1. Latent Thermal Storage Advantages and Limitations
Thermal storage may be achieved through latent heat, sensible heat, and chemical energy, as seen
in Fig.1-1 [10]. Sensible thermal storage has a high storage ability; however, a high mass and
volume of sensible materials are required to store a reasonable amount of heat [11] as shown in
Fig. 1-2 [12]. Latent thermal energy, represented by phase change material (PCM), improves the
efficiency of thermal storage [13]. PCMs in latent thermal energy storage have many attractive
features, such as nearly isothermal charging and discharging processes and a low ratio of volume
to energy [14–16]. These attractive features make PCMs a good option in many applications, such
as energy storage, air-conditioning, thermal management, medical appliances, and chemical
reactions [2], as well as electric vehicle batteries [17]. Several articles have discussed the
importance and applications of PCMs [2,18] with regard to thermal storage systems. A significant
number of articles have been devoted to describing the mathematical modeling of a PCM’s
1

transport processes, the characteristics of PCMs as thermal storage material, and the enhancement
techniques of a PCM’s thermophysical properties [18–24]. However, the low thermal conductivity
of PCMs decreases the heat transfer rate during charging and discharging cycles [25].
Material

Sensible heat storage materials

Latent heat storage materials

Soild-liquid

Liquid-gas

Organics

Mixtures temperature
interval

Paraffins

Inorganics

Eutetics single
temperature

Fatty acids

Chemical energy storage
materials

Mixtures
temperature interval

Eutetics single
temperature

Hydrated
salts

Figure 1-1 Energy storage materials classification [10]

Figure 1-2 Comparison of the performance of PCM (calcium chloride hexahydrate, CaCl2 6H2O), water, and
rock storage systems [12]

2

1.2. Methods to Improve PCM Performance
To overcome the low thermal conductivity limitation, many new and innovative techniques have
been proposed and applied. One of the first techniques is immersing a metallic porous medium in
a PCM [26] as reported by [27]. This technique has been adopted by other researchers [28]. The
most recent method is adding high thermal conductivity metallic nanoparticles to a PCM [29, 30].
The improvement in PCM performance has been reviewed by researchers in terms of utilizing
porous mediums [23] or nanoparticles [30]. Other proposed improvement techniques have
included utilizing fins [31], encapsulated PCMs [32, 33], microencapsulated PCMs [34], and
multiple PCMs [35]. The literature will be reviewed in detail in Chapter Two. The literature shows
that researchers have covered many research areas regarding the phase change process of PCMs
and the techniques used to improve the phase change process; however, there are still some
research gaps that need to be fulfilled. In Section 2.6, the research gaps and the proposed work
will be detailed. Based on these research gaps, the objectives and sub-objectives of the proposed
work will be identified, as stated in Section 1.4.

1.3. Objectives and Sub-Objectives
This work aims to fill the gap in the shortage of investigations regarding the phase change process
within a porous medium filled with a nano-PCM. Therefore, the main objective of this research
work is to investigate the melting processes of nanoparticle-enhanced phase change materials
inside porous media using coupled and non-linear mass, momentum, and energy transport models
and experiments. Fundamental knowledge obtained from this research will be used to develop
more efficient energy storage systems, solar power generators, cooling systems, and energy
management systems in buildings.
The specific sub-objectives of the proposed work include:
•

Melting of a Nano-PCM in an Enclosed Space: Scale Analysis and Heatline Tracking
o Developing physical and mathematical models to describe the melting process (at
a constant surface temperature) of a nano-PCM in an enclosure
o Studying the effect of the Rayleigh number, Ra, and the nanoparticle volume
fraction on the melting process of a nano-PCM, heatlines and thermal fields, and
the dimensionless heat transfer coefficient, Nu
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o Performing a scale analysis for the melting process of a nano-PCM in a square
enclosure exposed to a constant surface temperature
o Conducting experiments for a pure and a nano-PCM and comparing their results
with the calculated numerical results
•

Nano-PCM Filled Energy Storage System for Solar-Thermal Applications
o Developing physical and mathematical models to describe the melting process (at
a constant heat flux) of a nano-PCM in an enclosure
o Studying the effect of the nanoparticles volume fraction on the melting process of
a nano-PCM, heatlines and thermal fields, and the dimensionless heat transfer
coefficient, Nu
o Studying the effect of Ra and the nanoparticle volume fraction on the melt fraction
and the energy stored
o Performing a scale analysis for the melting process of a nano-PCM in a square
enclosure exposed to a constant heat flux
o Conducting experiments for pure and nano-PCMs and comparing their results with
the calculated numerical results

•

Melting of a Nano-Phase Change Material inside a Porous Enclosure
o Developing physical and dimensionless mathematical models to describe the
melting process (at constant surface temperature) of a nano-PCM in an enclosure
filled with a porous medium
o Studying the effect of the Rayleigh number Ra, the Darcy number Da, porosity ε,
the nanoparticle volume fraction, and time Ste*×Fo, on the melting process of a
nano-PCM and the dimensionless heat transfer coefficient Nu
o Performing a scale analysis for the melting process of a nano-PCM in a square
enclosure filled with a porous medium

•

Experimental Investigation of the Melting Process of a bio-based Nano-PCM inside an
Open Cell Metal Foam
o Developing experiments to investigate the effect of a porous medium and the
nanoparticle volume fraction on the melting process of a PCM in an enclosure
exposed to constant heat flux
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o Studying the effect of the heat flux rate, the nanoparticle volume fraction, porosity,
and the pore per inch PPI on the melting process of a nano-PCM, the melt fraction,
and the energy stored

1.4. Dissertation Organization
This dissertation is divided into seven chapters.
Chapter 1 includes a general background (Section 1.1), the advantages and the limitations of
utilizing PCMs (Section 1.2), the proposed methods to improve the performance of PCMs (Section
1.3), and the objectives and sub-objectives of the proposed work (Section 1.4).
Chapter 2 starts with an introduction to the chapter (Section 2.1) then presents the previous
theoretical and experimental works that have investigated PCMs (Section 2.2), porous media
saturated with PCMs (Section 2.3), nano-PCMs (Section 2.4), and porous media saturated with
nano-PCMs (Section 2.5). The research gaps and the proposed work (Section 2.6) are divided into
the numerical study (Section 2.6.1), research gaps (Section 2.6.1.1) and the proposed numerical
study (Section 2.6.1.2), scale analysis (Section 2.6.2), research gaps (Section 2.6.2.1) and the
proposed scale analysis (Section 2.6.2.2), energy streamlines (Section 2.6.3), research gaps
(Section 2.6.3.1) and the proposed energy streamlines visualization (Section 2.6.3.2), finishing
with the proposed experimental study (Section 2.6.4).
Chapter 3 describes the melting process of a nano-PCM inside an enclosure exposed to a constant
temperature. Scale analysis and energy streamlines tracking were included, and experimental
visualizations were reported.
Chapter 4 describes the melting process of a nano-PCM inside an enclosure exposed to a constant
heat flux. Scale analysis and energy streamlines tracking were performed, and experiments were
conducted.
Chapter 5 describes the melting process of a nano-PCM inside an enclosure exposed to a constant
temperature and filled with a porous medium. Both a numerical and a scale analyses were
performed.
Chapter 6 describes the melting process of a nano-PCM inside an enclosure exposed to constant
heat flux and filled with a porous medium. An experimental investigation was conducted.
Finally, in Chapter 7, the conclusions and potential future works are reported.
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Chapter 2
2. Literature Review
2.1. Introduction
In this chapter, a literature review is performed to include findings from previous studies on phase
change material (PCM), porous media immersed in PCMs, nano-PCMs, and porous media
immersed in nano-PCMs.
This chapter is divided into five sections in addition to this section. Four sections present previous
works that studied PCMs (Section 2.2), porous media saturated with PCMs (Section 2.3),
nano-PCMs (Section 2.4), and porous media saturated with nano-PCMs (Section 2.5). The last
section (Section 2.6) introduces the proposed work. Section 2.6 includes the proposed numerical
study (Section 2.6.1), the scale analysis (Section 2.6.2), energy streamlines (Section 2.6.3), and
the experimental study (Section 2.6.4).

2.1. PCM
The term phase change material (or PCM) refers to a material that changes its phase (liquid 
solid  gas) while absorbing or releasing heat during a particular thermodynamic operation.
Throughout the phase change process, the PCM typically absorbs or releases heat near a constant
temperature in contrast to the sensible heating (temperature increases) or the sensible cooling
process (temperatures decreases) [36]. Some common thermophysical properties of selected PCMs
are listed in Table 2.1.
Table 2.1 Selected phase change materials and their thermophysical properties

PCM

Calcium

chloride

hexahydrate [37]
Gallium [38]
N-eicosane (C20H42)

Melting

Latent heat of

Density

Thermal

temperature

fusion

ρ

conductivity

Tm (oC)

hf (kJ/kg)

(kg/m3)

k (W/m K)

28

188.4

1500

1.09

1.42

29.78

80.16

6093

32.00

0.38

36

247.6

770

0.151

2.46

[39]

6

Specific heat
cp (kJ/kg K)

Melting

Latent heat of

Density

Thermal

temperature

fusion

ρ

conductivity

Tm (oC)

hf (kJ/kg)

(kg/m3)

k (W/m K)

28.2

243.5

772

0.151

2.33

Water [41]

0

335

997

0.6

4.18

Paraffin [44]

52

230

780

0.25

2.40

Coconut oil

24

103

914

0.166

2.01

PCM

Specific heat
cp (kJ/kg K)

N-octadecane
(C18H38) [40]

The thermal energy can be charged/discharged to/from a phase change material (PCM) at a
constant temperature if the phase change process occurs close to the PCM’s fusion temperature.
Most of the commercially used PCMs have a low volume to energy transfer ratio [14–16]. These
two features have granted the PCM a key role in thermal storage systems. PCMs are popular
materials to select for a wide range of thermal applications, such as solar plants [3], heating and
cooling of buildings [4], and heating water [5].
The performance of different PCMs for a wide range of applications using numerous geometric
configurations has been studied by many researchers [38–40, 42–50] using different
methodologies. Table 2.2 summarizes some of these studies.

7

Table 2.2 Previous studies on PCMs
Phase
change
process

Application

melting

shell-and-tube
latent heat storage
exchangers

Numerical
solution
method

enthalpy
porosity
technique

finite-volume

Geometry

numerical

horizontal
cylinder inside a
rectangular
enclosure

gallium

Darzi et
al. [39]

numerical

concentric and
eccentric double
pipe

noctadecane

melting

heat exchanger

Tan et al.
[40]

experimental
and
computational

spherical
capsule

noctadecane

melting

---

isothermal surface

Bouadila
et al. [42]

experimental
and numerical

rectangular
cavities

paraffin

melting and
solidification

flat plate collector

constant heat flux

enthalpyporosity
method

Colella et
al. [43]

numerical

the shell-andtube
LHTES

paraffin
(RT100)

solidification

district heating
systems

---

enthalpyporosity
approach

finite-volume
method:
FLUENT
control volume
based finite
element
method
finite-volume
CFD code:
FLUENT

melting and
solidification

passive solar wall

periodic heat flux
on one side; the
other side at
average ambient
temperature

---

TRNSYS

Mahdaoui
et al. [38]

PCM

Boundary
conditions

Numerical
method

Nature of
study

Author

the cylinder surface
is
a- isothermal
b- at constant heat
flux
inner cylinder is
isothermal; outer
cylinder is
insulated

Navier–Stokes
and thermal
energy
equations
Darcy’s lawtype porous
media equation

finite element
method

Bontemps
et al.[44]

numerical and
experimental

rectangular
brick

fatty acid
paraffin (C
18-20
(LINPAR))
salt hydrate

Al-Hinti
et al.[45]

experimental

cylindrical
containers

paraffin

melting and
solidification

conventional solar
water heating
systems

solar radiation

---

---

rectangular
enclosure

ice
gallium
PCM 27
(hydrated
salt)

melting

solar passive walls

isothermal vertical
walls

enthalpyporosity
approach

finite-volume
method

Joulin et
al. [46]

numerical
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Author

Nature of
study

Geometry

PCM

Phase
change
process

Application

Boundary
conditions

Numerical
method

Numerical
solution
method
finite-volume
CFD code:
FLUENT

Buyruk et
al.[47]

numerical

cylinder

water

solidification

storage tank

isothermal surface

Darcy’s law
and the
Kozeny–
Carman
equation

Gou and
Zhang
[48]

numerical

vertical
cylindrical tank

KNO3–
NANO3

solidification

solar power
generation

isothermal base;
other surfaces are
insulated

enthalpy–
porosity model

finite-volume
CFD code:
FLUENT 6.2

telecommunication
electronics

two vertical walls
are isothermal; the
other walls are
insulated

a- enthalpy
method
b- an effective
heat capacity
method

finite element
method:
FEMLAB

solar collector
systems

a- isothermal
vertical walls
b- constant heat
flux on the left wall
and isothermal
right wall

Darcy’s law
and the
Kozeny–
Carman
equation

finite
differencecontrol volume
method

Lamberg
et al.[49]

Mbaye
and
Bilgen
[50]

numerical and
experimental

numerical

rectangular
enclosure

rectangular
enclosure

paraffin

gallium

melting and
solidification

melting
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Applications of PCMs in buildings were extensively reviewed by Sharma et al. [9], Farid et al.
[51], Khudhair and Farid [52], Kuznik et al. [53], Baetens et al. [54], Zhou et al. [55], and Cabeza
et al. [56]. Nkwetta and Haghighat [57] reviewed the usage of PCMs in thermal energy storage
systems. Agyenim et al. [58] reviewed the PCM phase change and heat transfer problem
formulation for thermal energy storage systems. Zalba et al. [2] reviewed the heat transfer analysis
and applications of PCMs. As concluded in many studies [18, 24, 35, 52], the PCM has a
significant effect on the performance of thermal storage systems. However, most PCMs have a
low thermal conductivity (Table 2.1) as stated by Hosseinizadeh et al. [25]. The low thermal
conductivity of the PCM reduces the performance of the thermal energy systems [59, 60]. Many
researchers have proposed the incorporation of a metallic porous medium [61, 62] and
nanoparticles with PCMs [29] to improve the performance of the thermal systems as discussed in
the next sections.

2.2. Porous Medium Saturated With a PCM
PCMs suffer from low thermal conductivity. For example, thermal conductivities for organic
materials are between 0.15 and 0.3 W/(m K), and for salt hydrates between 0.4 and 0.7 W/(m K)
[8]. Such low conductivities slow down the storing and releasing of thermal energy [51]. Several
methods have been proposed to improve the thermal conductivity of PCMs, such as embedding
the PCM with porous media to increase the thermal conductivity during the phase change process.
This process will be discussed in this section.
Beckermann and Viskanta's work [63] was one of the early works that investigated the phase
change process in porous media. A numerical and experimental work was conducted to study the
melting process in a square enclosure that contained gallium as a phase change material and glass
beads as the porous matrix. An acceptable agreement between the predicted and the measured
results was achieved. Beckermann and Viskanta [63] concluded that the shape of the interface and
the movement were influenced by both convection in the liquid portion and conduction in the solid
portion of the enclosure. However, the work did not show the impact of the utilization of porous
media on the phase change process by comparing it with the non-porous case.
An experimental and numerical investigation was conducted by Zhao et al. [59] to study the
melting and solidification of paraffin wax embedded in Cu metal foams. The heat transfer in the
solid phase was improved by using metal foam. An improvement in the overall heat transfer rate
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of 3 to 10 times was achieved by using Cu foam. Furthermore, the PCM embedded in Cu metal
foams solidified twice as fast as the pure PCM.
An experimental study was conducted by Lafdi et al. [62] to study the temperature field and track
the motion of a paraffin liquid-solid interface through Al foams. To enhance the thermal
performance, Lafdi et al. [62] recommended optimal values for both porosity and pore size, as
porosity and pore size influence heat conduction and convection. The early thermal steady state
occurs due to the significant impact of convection within foams with a high porosity and bigger
pore size. Lafdi et al. [62] also found that conduction had a significant influence on the melting
process in the case of a lower porosity.
The impact of a compressed expanded natural graphite matrix on the thermal performance of
paraffin was experimentally and theoretically investigated by Py et al. [64]. The thermal
conductivity of the composite was significantly improved from 0.24 W/m K of PCM to a range of
4 to 70 W/m K of the composite depending on the weight fraction of paraffin. In addition, a faster
solidification rate and a lower thermal storage power stabilization were achieved. Using a
numerical study, Mesalhy et al. [28] found that with low porosity foam, the melting process
accelerated; however, low porosity foam degraded the convection currents. The authors concluded
that using a high porosity foam with a high thermal conductivity significantly enhances the melting
of PCMs.
The melting process in a square enclosure filled with metallic foam, which was immersed in a
PCM, was numerically studied by Gao et al. [65]. The influences of both the pore size and the
porosity were studied. The results showed that as the porosity decreased, the melting rate increased
because of the increase in the thermal conductivity, which improves the conduction heat transfer.
However, no influence of the pore size on the melting rate was observed because of the
counteracting impacts between convection and conduction.
Enhancing the performance of a PCM by embedding it in a porous matrix was investigated
analytically by Tian and Zhao [66]. Depending on the porous matrix microstructures of the metallic
porous medium being used, the performance of the phase change process may be enhanced from
3 to 10 times. The results of this work encourage using a porous medium with PCMs.
More literature that studied porous mediums saturated in PCMs was reviewed by Fan and
Khodadadi [23]. The porous medium increased the area-volume ratio which improved the melting
and solidification of the PCM. However, the porous medium occupied part of the enclosure space,
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which reduced the volume fraction of the utilized PCM. To maintain the PCM volume fraction
and to obtain an improvement in the phase change process, nanoparticles could be added to the
PCM.

2.3. Nanoparticles in the PCM
Studies have found that the natural convection heat transfer of a fluid is improved by adding
nanoparticles [67, 68]. This has encouraged researchers to investigate the effect of adding
nanoparticles ranging in size from 1 to 100 nm (e.g. CuO) to PCMs, and then to investigate the
melting and solidification processes. Nano-PCMs are a promising alternative to increase the
thermal transport characteristics of a PCM. Numerous outstanding works on the different features
of nano-PCMs have been reported in the literature. One such work, a numerical investigation by
Sebti et al. [69], considered the enhancement of heat transfer in a two-dimensional square
enclosure throughout the melting process of a nano-PCM (copper-paraffin). Sebti et al. [69]
concluded that the addition of nanoparticles achieved a higher thermal conductivity for the nanoPCM than that for the base PCM. In addition, the authors found that by increasing the volume
fraction of the nanoparticles in the nano-PCMs, the heat transfer and the melting rates increased.
The melting of paraffin wax that was enhanced with aluminum oxide (Al2O3) nanoparticles in a
square enclosure was numerically investigated by Arasu and Mujumdar [70]. Two boundary
conditions were considered: (i) heating the enclosure from below; and (ii) heating it from one
vertical side. Arasu and Mujumdar [70] found that the thickness of the liquid layer affected the
fluid flow and interface shape. The results also showed that when heated from the bottom, multicellular flow patterns formed; however, in the case of vertical wall heating, a single-cellular flow
pattern formed. The melting process accelerated with an increase in the volumetric composition of
the Al2O3 nanoparticle. The authors also concluded that heating the vertical wall strengthened the
effect of free convection, which accelerated the melting process and increased the energy stored
in comparison to heating from the bottom. The authors found that a low volumetric concentration
of Al2O3 nanoparticles enhanced the effective thermal conductivity of paraffin wax, which could
be used in the latent heat storage system.
Ho and Gao [71] experimentally investigated the melting process of the nano-PCM, Al2O3-noctadecane, in a square enclosure for three different mass fractions of nanoparticles (0, 5, and 10
wt. %), Rayleigh number (1.71106–5.67107), Stefan number (0.037–0.108), and sub-cooling
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parameter (0.042– 0.537). The authors found that any increase in the mass fraction of the
nanoparticles degraded the natural convection in the melted region when compared to the natural
convection in the base PCM.
A numerical investigation was conducted by Hosseini et al. [72] to study the impact of nanoparticle
dispersion on the solidification process of different mixtures of nano-PCMs (Cu-paraffin wax,
titanium oxide (TiO2)-paraffin wax, and Al2O3-paraffin wax). The nano-PCMs solidified inside a
vertically ventilated enclosure, in which the left wall was heated at constant heat flux, while its
other walls were thermally insulated. To trace the solidification interface, the authors used the
enthalpy porosity technique. A reduction of 16% in the solidification time was found for Gr= 106
when compared to Gr= 105 at a 0.2% volume fraction of Cu nanoparticles. Moreover, it was found
that the solidification time could be controlled through the dispersion of nanoparticles.
The enhancement of a solidification process of water-copper nanoparticles was numerically
studied by Khodadadi and Hosseinizadeh [73]. This numerical study investigated the effect of
natural convection inside a differentially heated square enclosure filled with nano-PCMs. It was
found that the thermal conductivity of nano-PCMs was higher than that for the base PCM.
However, the authors observed a reduction in the latent heat of fusion for nano-PCMs when
compared to the base PCM.
A theoretical and experimental study was conducted by Fan and Khodadadi [74] to investigate the
influence of dispersion nanoparticles into a base PCM (cyclohexane) throughout a 1-D
solidification process. A reduction in the solidification time was observed when nanoparticles were
added to the base PCM. The reduction in the solidification time of the nano-PCM increased with
an increase in the nanoparticle concentration. A comprehensive review of the thermophysical
property (e.g. thermal conductivity) enhancements for nano-PCMs (“nanostructured-based
colloidal suspensions”) is available in Khodadadi et al. [30].
The impact of surface waviness and nanoparticle addition on the solidification process of Cu-water
was numerically investigated by Abdollahzadeh and Esmaeilpour [75]. The authors concluded that
both the surface waviness and the addition of nanoparticles accelerated the solidification process;
nevertheless, dispersing nanoparticles degraded the energy storing/releasing capacity.
Experimental and numerical investigations on the impact of adding multi-walled carbon nanotubes
on the latent heat of a PCM were conducted by Zabalegui et al. [76]. The authors found that the
PCM’s latent heat was reduced by dispersing smaller diameter particles. An experimental study
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conducted by Altohamy et al. [77] showed the significant effect of nanoparticles on the
deacceleration of the solidification process of Al2O3-water. Solidification of a nano-PCM (copperwater) in a trapezoidal enclosure was investigated numerically by Sharma et al. [78]. The results
showed that the rate of heat transfer was increased when nanoparticles were added to the PCM.
The solidification of nano-PCMs occurred faster when compared with pure PCMs. The authors
suggested that nano-PCMs have a huge ability to store thermal energy. As for melting, Darzi et al.
[79] studied the melting of a copper-water filled square enclosure with an obstacle inside of it. The
results showed that using nano-PCMs improved the thermal conductivity of the base PCM and the
heat release. The influence of nanoparticles was more effective during the dominance of
conduction. Khodadadi et al. [30] presented a good review of a nanostructure-based PCM. The
success in the individual utilizing of porous medium and nanoparticles has encouraged researchers
to combine them within PCMs.

2.4. Porous Medium Saturated With Nano-PCM
The enhancement in the phase change process associated with using porous medium or
nanoparticles separately has attracted researchers to study the effect of the presence of both a
porous medium and nanoparticles throughout the phase change process. The first work that
investigated the phase change process of a nano-PCM embedded in a porous medium was
performed by Hossain et al. [80]. Their numerical study revealed that the existence of a porous
medium had more influence than nanoparticles on the melting process. Lower porosity and a highvolume fraction of nanoparticles accelerated the melting process. As for the energy required to
melt the nano-PCM, the authors found that more energy was required with a higher porosity and a
lower volume fraction.
A scale analysis and a numerical study for the phase change process of a Darcy model for a
nano-PCM filled porous medium was presented by Tasnim et al. [81]. When nanoparticles were
dispersed into the base PCM, a reduction in conduction and convection heat transfer was observed.
Alshaer et al. [82] experimentally investigated using a composite of carbon foam, paraffin wax,
and multi wall carbon nanotubes to cool electronic devices. The cooling process was enhanced by
utilizing a composite of carbon foam, paraffin wax, and multi wall carbon nanotubes when
compared to using either carbon foam or carbon foam immersed in paraffin wax separately. In
addition, Alshaer et al. [83] then numerically studied the thermal performance of electronic
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equipment using a composite of carbon foam, paraffin wax, and multi wall carbon nanotubes. The
impact of the foam’s porosity on the cooling process was investigated. The authors found an
enhancement in the cooling process with lower porosities (less than 75%) in comparison with a
high porosity (88%).
The numerical works that studied the effect of saturating a porous medium with nano-PCM used
the Darcy model [80, 81] and the volume averaging technique [83]. The heating was either from
bottom at a constant heat flux [82, 83] or from top at constant temperature [80].

2.5. Research Gaps and the Current Work
In the current work, research gaps are filled in terms of the numerical study, scale analysis, energy
streamline visualization, and the experimental work.
2.5.1. Numerical Study
To perform the numerical study, research gaps were determined by reviewing the literature. A
numerical methodology was then proposed for the present study.
2.5.1.1. Research Gaps
Most of the literature has investigated the effect of utilizing either a porous medium or
nanoparticles on the phase change process. The most recent studies that combined the three
elements (PCMs, nanoparticles, and a porous medium) [80–83], focused on heating from above or
below.
The enthalpy porosity technique was used in several studies to investigate the phase change
process of a base/nano-PCM in enclosures. The enthalpy porosity technique has some limitations;
e.g. it does not clearly track the liquid-solid interface [84, 85], and it is based on the assumption
of constant thermophysical properties for the solid and liquid phases [86].
2.5.1.2. The Current Numerical Study
Based on the literature reviewed, no research was identified that considered melting a nano-PCM
inside a porous medium using the Darcy-Brinkman model. The current study utilized a complete
Darcy-Brinkman model for numerical modeling. This complete modeling resulted in an improved
understanding of the phase change processes of nano-PCMs inside a wide range of porous media.
In addition, the current study investigated the influence of saturating a porous medium with a
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nano-PCM on the performance of the melting process of the PCM. The nano-PCM within the
porous medium was placed in a square enclosure; one of its vertical walls was heated at a constant
temperature, while the other walls were thermally insulated. The Darcy-Brinkman momentum
equation and the governing equations, which include the continuity equation and the energy
equations in both the liquid and solid regions, were studied. The property relations that adjust the
PCM properties when porous medium was utilized, and nanoparticles were applied. The numerical
results of the governing equations were presented in the form of a temperature field, a streamlines
field, energy streamlines (introduced to describe the energy flow in the melted portion of the
nano-PCM), and the dimensionless heat transfer coefficient, Nu.
2.5.2. Scale Analysis
2.5.2.1. Research Gaps
The scale analysis for the melting process of a pure PCM was performed in a non-porous medium
by Jany and Bejan [87], and in an enclosure filled with a porous medium by Jany and Bejan [88].
In both studies, the scale analysis was performed for the Darcy model. The Darcy model was also
used in the scale analysis that was performed by Tasnim et al. [81] for the phase change process
of a nano-PCM filled with a porous medium. In addition, the scale analyses performed in all of the
above studies [81, 87, 88] were for a constant wall temperature.
To the best of the authors’ knowledge, the scale analyses performed above for the melting process
of PCMs were for a Darcy model with either a pure PCM or a nano-PCM filled porous medium.
It was also observed that there was a lack of works that performed a scale analysis for the melting
process in an enclosure exposed to a constant heat flux.
2.5.2.2. The Current Scale Analysis
In the current work, a comprehensive scale analysis was performed in parallel with numerical
solutions to the governing equations. The goal behind the scale analysis was to establish a
relationship between different dimensionless parameters, and to understand the influence of
different parameters on the heat transfer and melting processes inside an enclosure filled with a
nano-PCM embedded within a porous medium based on the Darcy-Brinkman model. The proposed
scale analysis included two boundary conditions: a constant wall temperature and a constant heat
flux.

16

2.5.3. Energy Streamlines Visualization
2.5.3.1. Research Gaps
Typically, streamlines and isothermal lines are used to visualize the flow and the thermal fields in
convection heat transfer problems. Streamlines and isothermal lines have been used extensively in
phase change processes for pure PCMs in the literature [42]. Heatline [89] and energy streamlines
[90] were used to visualize energy transfer processes in convection heat transfer problems
including pure PCMs.
2.5.3.2. The Current Energy Streamlines Visualization
The current work is the first to present energy streamlines to visualize the energy flow of a melting
problem inside an enclosure filled with a porous medium and a nano-PCM.
2.5.4. The Current Experimental Work
Both numerical and experimental investigations were performed in the current work. The
experimental work investigated the impact of incorporating a PCM with metallic nanoparticles.
Furthermore, the effect on the melting process was studied after a porous medium was immersed
in a pure PCM and a nano-PCM. The present experimental work conducted heating from the side
at a constant wall temperature.
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Chapter 3
3. Melting of a Nano-PCM in an Enclosed Space: Scale Analysis
and Heatline Tracking
“A version of this chapter has been submitted to International Journal of Heat and Mass Transfer:
Al-Jethelah, M.S., Tasnim, S.H., Mahmud, S. and Dutta, A., 2018. Melting of nano-PCM in an
enclosed space: Scale analysis and heatline tracking. International Journal of Heat and Mass
Transfer, 119, pp. 841-859.”

3.1. Introduction
Over the years, efforts have been intensified to improve the performance of thermal energy storage
systems due to their potential applications in numerous fields of engineering. For example, the
storing of thermal energy is a crucial factor in solar thermal storage systems because the process
suffers from low performance levels during the night, as well as on cloudy and dusty days. The
efficiency of a thermal energy storage system can be improved by using phase change material
(PCM) [13]. PCMs have a high energy storage capacity and the ability to store and deliver latent
heat at a constant temperature [14]. Several articles have discussed the importance and applications
of PCMs in thermal storage systems [2, 18, 66]. A significant number of articles have been devoted
to describing the mathematical modeling of a PCM’s transport processes, the characteristics of
PCMs as thermal storage materials, and the enhancement techniques of a PCM’s thermophysical
properties [18–23,91,92]. Typically, PCMs suffer from low thermal conductivity, which limits the
efficiency of thermal storage systems. To overcome this limitation, many new and innovative
techniques have been invented and applied. These include the inclusion of porous media [93, 94],
nanoparticles [30, 95], fins [96, 97], encapsulated PCMs [32, 92, 98], microencapsulated PCMs
[34, 99], and multiple PCMs [35] inside of traditional energy storage systems.
3.1.1. Dispersion of Nanoparticles in a PCM (Nano-PCM)
A nano-PCM is an attractive alternative to increase the thermal transport characteristics of a PCM.
Several notable works have investigated the solidification and melting processes of PCMs
enhanced by nanoparticles. Sebti et al. [69] numerically investigated the enhancement of heat
transfer in a two dimensional square enclosure during the melting process of a nanofluid (copper18

paraffin). The authors found that a nano-PCM has a higher thermal conductivity due to the addition
of nanoparticles. Furthermore, it was found that by increasing the volume fraction of the
nanoparticles, a nano-PCM’s heat transfer rate increased, and its melting time decreased.
Arasu and Mujumdar [100] numerically investigated the melting of paraffin wax enhanced with
Al2O3 nanoparticles in a square enclosure. This investigation dealt with two boundary conditions:
(i) heating the enclosure from below; and (ii) heating it from one vertical side. The study found
that the thickness of the liquid layer affected the fluid flow and the interface shape. Results also
showed multi-cellular flow patterns in the case of heating from the bottom, and a single-cellular
flow pattern in the case of vertical wall heating. An increase in the volumetric composition of the
Al2O3 nanoparticles decreased the melting rate. This investigation also reported that heating from
a vertical wall enhanced the effect of free convection, which increased the melting rate and the
energy stored when compared to the case of heating from the bottom of a horizontal wall. The
authors concluded that a low volumetric concentration of Al2O3 nanoparticles improves the
effective thermal conductivity of the paraffin wax used in a latent heat storage system.
Darzi et. al [101] solved density, velocity, and temperature fields in a square cavity using the
enthalpy-based lattice Boltzmann method (LBM) with a combination of D2Q9 and D2Q5 lattice
models. The researchers presented a mathematical model to improve heat transfer during the
melting process by using nanoparticles. Results showed an enhancement in the thermal
conductivity of the PCM with an inclusion of nanoparticles when compared with the pure PCM.
Both an improvement in the thermal conductivity of the nano-PCM and a reduction in the latent
heat of fusion increased the amount of heat released.
Ho and Gao [102] conducted an experiment to investigate the melting process of n-octadecane as
a phase change material and Al2O3 as a nanoparticle in a vertical square enclosure. Experiments
were conducted for three different mass particle fractions of nanoparticles (0, 5, and 10 wt. %),
(1.71106–5.67107), Ste (0.037–0.108), and sub-cooling parameters (0.042–0.537). Results
revealed that an increase in the mass fraction of the nanoparticles decreased the natural convection
in the melted region when compared with the natural convection in the pure PCM.
Hosseini et al. [72] numerically investigated the impact of nanoparticle dispersion on the
solidification process of different mixtures of nanofluids (Cu-water, TiO2-water, and Al2O3water). The solidification occurred inside a vertical ventilated enclosure, and its walls were
insulated except for the left wall, which was heated with a constant heat flux. To trace the
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solidification interface, the authors used the enthalpy porosity technique. The results showed a
16% time reduction in the solidification of Gr= 106 when compared to the case of Gr= 105 for a
0.2% volume fraction of Cu nanoparticles. Moreover, the authors found that the solidification time
could be controlled by the dispersion of nanoparticles because of the enhancing conduction
mechanism of solidification.
Khodadadi and Hosseinizadeh [73] numerically studied the enhancement of a solidification
process of phase change materials (PCMs) by using nanoparticles (water plus copper
nanoparticles). Their study included the effect of natural convection inside a differentially heated
square enclosure filled with nanofluid. The authors found that adding nanoparticles enhanced the
thermal conductivity of the fluid when compared to the base fluid. In addition, the authors observed
a reduction in the latent heat of fusion for the nano-PCM when compared to the base PCM.
Theoretical and experimental studies were conducted by Fan and Khodadadi [74] to investigate
the influence of adding nanoparticles to a pure PCM during a one dimensional freezing process.
Their theoretical results showed a reduction in the freezing time when nanoparticles were added
to the base PCM (cyclohexane). The authors also found a reduction in the freezing time of a nanoPCM with an increase in the nanoparticle concentration. A comprehensive review of the
thermophysical

properties

(e.g.

thermal

conductivity)

enhancement

for

nano-PCMs

(“nanostructured-based colloidal suspensions”) is available in Khodadadi et al. [30].
3.1.2. Method of Observation of Energy Field: Heatlines
Isotherms and streamlines are usually used to visualize the thermal field and the fluid flow in
natural convection problems, including melting and solidification cases. However, a true picture
of energy flow cannot be obtained by just observing isotherms and streamlines for such problems
[103, 104]. The heatline concept, as proposed by Kimura and Bejan [104], is an excellent option
to visualize the energy flow in many natural convection problems. This can be extended to the case
of phase change processes.
Since it was introduced, the heatline technique has been applied to numerous convection problems.
However, the authors were unable to identify any published articles which applied the use of
heatline techniques to melting and solidification problems. A limited number of published articles
have applied heatline visualization for natural convection problems having a fixed amount of solids
and liquids (i.e. conjugate problems) [71, 101]. A heatline visualization technique was also applied
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to an enclosure filled with a CuO-water nanofluid [72]. Recently, Dhar et al. [105] visualized the
solidification of a eutectic solution filling a rectangular enclosure, and recommended the use of
the heatlines technique to understand the energy transport physics.
In the present chapter, the enhancement of the melting process in a thermal storage using a nanoPCM is studied. Several reported works in the literature have used the enthalpy porosity technique
to study the phase change process of a PCM or a nano-PCM in enclosures. This technique has
some limitations; for example, it does not clearly trace the liquid-solid interface [84,85], and it
assumes constant thermophysical properties for the solid and the liquid phases [86].
In the current study, two separate energy equations (one in the liquid region and the other in the
solid region), together with the momentum and continuity equations in the liquid region, were
used. A comprehensive scale analysis was also performed to establish a relationship between
different dimensionless parameters, and to understand the influence of different parameters on heat
transfer and the melting processes inside an enclosure filled with a nano-PCM. Experimental
studies were performed to confirm the existence of the different melting stages considered during
a scale analysis technique.
Jany and Bejan [87] and Bejan [89, 106] presented an excellent review of the melting processes of
a PCM in an enclosed space by identifying four distinct stages. The authors [87, 89, 106]
performed scale analysis to establish the relationships between boundary layer thickness, interface
thickness, heat transfer rate, Rayleigh number, and dimensionless time. In the present study, the
scale analysis technique was applied to a nano-PCM to establish similar relationships to those
reported in Jany and Bejan [87] and Bejan [89, 106]. Additionally, heatlines were presented to
visualize the energy flow inside the enclosed space during the melting of a nano-PCM.

3.2. Physical and Mathematical Models
The energy storage system considered in this chapter can be approximated by a two-dimensional
enclosure. The schematic diagram of the enclosure system is shown in Fig. 3-1. The enclosure was
initially occupied by the solid form of a nano-PCM. The initial temperature of the nano-PCM was
considered to be equal to its melting temperature. The left vertical wall of the enclosure was
suddenly exposed to a heat source having a temperature (Th ) higher than the melting temperature
(Tm ) of the nano-PCM. Heat losses through the remaining three walls were considered to be zero
by assuming an adiabatic boundary condition at those walls. The solid nano-PCM adjacent to the
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hot wall melted and the melting front propagated with the advancement of time. It was assumed in
this current study that the liquid phase of the nano-PCM behaved both like a Newtonian and an
incompressible fluid. Therefore, all the thermophysical properties of the nano-PCM were assumed
to be constant except for the density in the y -momentum equation for the liquid nano-PCM, where
the Boussinesq approximation was used to model the buoyancy force term.
L
Liquid nano-PCM

g

Th

Tm
y

L

Solid nano-PCM
x
Thermal insulation
Figure 3-1 Schematic diagram of the present problem

Conservation principles of mass, momentum, and energy were expressed in terms of continuity (in
the liquid nano-PCM only), momentum (in the liquid nano-PCM only), and energy (in both the
liquid and the solid nano-PCM) equations. Conservation equations were used to model the
complete flow and thermal fields, as shown below.
The continuity equation for the current problem is
  (u )  (v )
+
+
=0
t
x
y

(1)

where u and v are the velocity components of the liquid nano-PCM in the x and y-directions,
respectively. The momentum equation in the x -direction is

  2 u  2 u 
u
u
u
1  p
+u +v =
−
+

(2)

nf 
 x 2 + y 2 
t
x
y  nf  x


where t is the time, ρnf is the density of the nano-PCM, p is the pressure, and μnf is the dynamic
viscosity of the nano-PCM. The momentum equation in the y-direction can be expressed as
22


  2v  2v 
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where g is the gravity, βnf is the coefficient of thermal expansion of the liquid nano-PCM, T is the
temperature, and Tm is the melting temperature of the nano-PCM. The energy equation in the liquid
region of the nano-PCM can be expressed as

  2T  2T 
(4)
 2 + 2
y 
 x
where knf is the thermal conductivity of the nano-PCM, and cpnf is the specific heat of the nanoknf
T
T
T
+u
+v
=
t
x
y ( c p ) nf

PCM at a constant pressure. Finally, the energy equation in the solid region of the nano-PCM can
be expressed as

knf   2T  2T 
T
=
+
(5)

.
t ( c p )nf  x 2 y 2 
It should be noted that the internal heat generation in the solid and the liquid regions, and the
viscous dissipation effect in the liquid region, are neglected and do not appear in the energy
equations. For the present problem, the heatfunction (H) can be obtained by solving the following
Poisson equation [26, 27, 39]
2H 2H
 
T   
T  Ex E y
+
=
 nf c p nf u T − knf
−   nf c p nf v T − knf
=
−
2
2


x
y
y 

x x 
y  y
x


Ex

(6)

Ey

where the terms inside the square brackets on the right hand side of Eq. (6) represent the net energy
flow in the x-direction (Ex ) and y-direction (Ey ), respectively [90].

3.3. Thermophysical Properties Relations
Different parameters are used in Eq. (1) to (5) to represent the thermophysical properties of the
liquid and the solid forms of the nano-PCM. Detailed descriptions and expressions of these
parameters are presented in this section.
The density of the nano-PCM (ρnf ), which is available in Eq. (2) and (3), can be expressed
according to [107] as follows:

nf = (1 −  )  f +  n
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(7)

where  is the volume fraction of the nanoparticles, ρf is the density of the base PCM, and ρn is
the density of the nanoparticles. The heat capacitance (ρ cp ) of the nano-PCM [107] is

(c ) = (1 −  )(c )
p nf

p f

+  (c p )n .

(8)

The (ρ β)nf term in the Boussinesq approximation expression in Eq. (3) can be further expressed
according to [107] as follows:

(  )nf = (1 −  )(  ) f +  (  )n .

(9)

The Brinkman model [107] is used to obtain the viscosity of a nano-PCM containing a diluted
suspension of small spherical particles and can be expressed as

nf =

f

(1 −  )2.5

.

(10)

The thermal conductivity of the nano-PCM can be determined from the Maxwell–Garnett (MG)
model [107] and is given below:

knf =

kn + 2k f − 2 (k f − kn )
k n + 2k f +  ( k f − k n )

kf

(11)

where kf is the thermal conductivity of the PCM, and kn is the thermal conductivity of the
nanoparticles.
The heat transfer from the left wall can be calculated using the dimensionless Nusselt number. The
average Nusselt number (Nu) can be defined according to [108] as follows:
L
k  1
T
Nu =  −  nf 
dy .
(12)
 k  (T − T ) x
m
0  f  h
x =0
The governing differential equations are numerically solved using the following boundary and

initial conditions:
Horizontal walls:

T ( x,0,t )
y

=

T ( x,L,t )
y

= 0, u = v = 0

Left wall: T ( 0, y,t ) = Th , u = v = 0
Right wall:

T ( L, y,t )
x

= 0, u = v = 0

Interface conditions: T ( D, y,t ) = Tm nf h f nf

(13)

 T (D, y, t ) D T (D, y, t ) 
D

= −knf 
−
t

x

y

y



Initial conditions: T ( x, y,0 ) = Tm , u = v = 0 .
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In Eq. (13), L is the height of the enclosure, hfnf is the latent heat of fusion of the nano–PCM, and
D is the position of the melting interface from the left wall.
The boundary condition for Eq. (6) is given by [90]
P, b

H P, b = H ref, b +

 E . nˆ ds

b

(14)

ref, b

where dsb , n̂ , and E (= Ex ̂i + Ey ̂j) [90] represent the differential boundary segment, the surface
normal, and the energy flux density vector, respectively. The symbols b, ref, and P refer to a value
at the boundary, a reference value, and a point at the particular location at the boundary,
respectively. In addition, the continuity of energy flow at the solid-liquid interface of the nanoPCM requires

 H 
 H 
=
and (H )liquid nano− PCM = (H )solid nano− PCM .



 nˆ liquid nano − PCM  nˆ  solid nano − PCM

(15)

3.4. Initial Visualization of Melting Regimes and Scale Analysis
Before presenting the numerical results, a scale analysis will be presented to understand the
melting process and the energy transfer mechanisms inside the enclosure. Initially, a visualization
experiment was carried out to capture the different melting regimes qualitatively during the entire
melting process. A transparent acrylic container (72 cm  62 cm  5 cm, and 0.9 cm wall thickness)
was initially manufactured. Only one side of the container was kept open and firmly attached to a
plate-and-tube heat exchanger. The remaining sides were closed and properly insulated using high
insulating materials. The container was filled with paraffin wax (Sigma-Aldrich) having a melting
temperature of (55oC). The thermophysical properties of paraffin wax are provided in Table 3.1.
A thermal regulator (Cole-Parmer Polystat recirculator) was used to supply deionized water at a
constant temperature to the plate-and-tube heat exchanger.
The visualization experiment was executed in two steps. During the first step, deionized water that
was at a temperature 3oC below the melting temperature of the PCM, was supplied for 4 hours to
raise the temperature of the entire PCM to a temperature just below its melting temperature. The
temperature of the PCM was monitored every 10 minutes using a Thermal Imaging Camera (FLIR
E40bx) to ensure that a constant temperature was reached. During the second step, the temperature
of the deionized water was raised above the melting temperature of the PCM (75oC) to initiate the

25

melting process. The progression of the melting process was monitored and captured by a digital
camera (Canon EOS Rebel T5) every 2 minutes until the entire PCM was melted inside the
enclosure. Figures 3-2(a) to 3-2(d) present four selected pictures obtained during the melting
experiment characterizing four distinct regimes of the melting process. These regimes are
schematically presented in Figs. 3-2(e) to 3-2(h) with coordinate systems, geometric dimensions,
and variables. Following the lead of Bejan [89], the experimentally visualized regimes are: (i) the
conduction dominated melting regime, seen in Figs. 3-2(a) and 3-2(e); (ii) the mixed convectionconduction (or transition) melting regime, seen in Figs. 3-2(b) and 3-2(f); (iii) the convection
melting regime, seen in Figs. 3-2(c) and 3-2(g); and (iv) the variable height or shrinking solid
melting regime, seen in Figs. 3-2(d) and 3-2(h). Further experiments were conducted to compare
the melting processes between the base PCM and the nano-PCM, and the results are presented in
Section 3.6.

Table 3.1 Thermophysical properties of copper oxide nanoparticles, paraffin wax, RT-18, and coconut oil

CuO
nanoparticle
[109]
3
ρ (kg/m )
6500.0
μ (Pa.s)
cp (kJ/kg K)
540.0
k (W/m K)
18.0
β (1/K)
8.510-6
hf (kJ/kg)
Properties
(units)

Paraffin wax
Solid
Liquid
820
740
3.010-3
2.0
3.0
0.25
0.15
1.210-4
156
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RT-18
(PCM-1)
Solid
Liquid
880.0
770
2.310-3
2.0
3.0
0.2
0.2
0.7610-3
260.0

Coconut Oil
(PCM-2)
Solid
Liquid
920
918
0.0268
3.75
1.67
0.166
0.166
0.710-3
103

(a) conduction regime

(b) transition regime (c) convection regime
(i)

L

(d) shrinking solid regime

Davg
δb

Th

b

Tc
L
D

z

δT

y, v
x, u
(e) conduction regime

l
(f) transition regime (g) convection regime
(ii)

(h) shrinking solid regime

Figure 3-2 The four distinct regimes of the melting process inside the enclosure: (i) experimental observations
((a) to (d)) and (ii) schematic diagrams ((e) to (h)).

3.4.1. The Conduction Regime
At the beginning of the melting process, the heat transfer rate (Q̇ cond) is totally balanced by the rate
of the enthalpy absorbed (Q̇ lat ) at the interface. Therefore, one can simply write
Q cond

interface

= Q lat

interface

.

(16)

Using definitions of each term, Eq. (16) can be further expressed per unit area as
T
dD
.
=  nf h f
(17)
nf dt
x
After introducing the following scaling parameters, ∆T~( Th − Tm ) and x~D into Eq. (17), one
− knf

obtains
(Th − Tm )
D
(18)
~  nf h f nf
D
t
where t represents an unknown time scale. After simplifying and rearranging the parameters, one
knf

can obtain the scale of the liquid layer thickness (D) inside the melting region as a function of time
in the following form:
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1

1

1
 c p (Th − Tm ) 2  k
2
2
nf
nf
(19)
 
D~L
t = L(Ste  Fo ) .
2 
h f nf

  ( c p ) nf L 
In Eq. (19), Ste (= cpnf (Th -Tm )/hfnf ) is the dimensionless Stefan number, which measures the

sensible heat of a system relative to its latent heat. The second dimensionless parameter Fo is the
Fourier number (= knf t/( ρ cp )nf L2 ), which is a measure of the heat conducted through a particular
substance relative to the heat stored inside that substance. The product of Ste and Fo (i.e. Ste×Fo)
can be treated as dimensionless time [89]. It is observed from Eq. (19) that D depends on the length
of the enclosure (L), the nano-PCM properties associated with Ste and Fo, and the time of the
melting process defined by the dimensionless time (Ste×Fo). The change in properties due to the
addition of nanoparticles has an impact on both Ste and Fo. Both the Stefan number (Ste) and the
Fourier number (Fo) contain several thermophysical properties of the nano-PCM, as can be seen
from their definitions. These thermophysical properties of the nano-PCM depend on the volume
fraction (ϕ) of the nanoparticles through the functional relationships established from Eq. (7) to
(11). Any change in ϕ affects the thermophysical properties, which in turn affect the values of Ste
and Fo. For instant, the thermal conductivity and the density increase with an increasing ϕ, while
the specific heat and the latent heat of fusion decrease. However, the reduction in the latent heat is
much higher than that for the specific heat, which leads to a higher Ste at the same reference
temperature difference (i.e. Th − Tm).
A similar explanation could be presented for Fo. An increase in ϕ increases both Ste and Fo,
which leads to an increase in the dimensionless time (Ste×Fo). This, in turn, increases D. However,
the time has a significant impact on Fo and subsequently on the dimensionless time (Ste×Fo) and
D. Therefore, the D of the nano-PCM increases with an increase in ϕ and time.
In the pure conduction limit, Nu can be defined as [87]

Nu =

Q
k f (Th − Tm )

(20)

where Q̇ is the rate of conduction heat transfer from the hot left wall per unit depth, and which can
be expressed as
T
Q = −knf L
x

.
x =0

Using the scaling parameters already used in this study, Eq. (21) can be written as
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(21)

( T − Tm )
.
Q ~ knf L h
D
Using Eqs. (19), (20), and (22) one can obtain an expression of Nu as

(22)

1
 knf 
−


Nu ~
( Ste  Fo) 2 .
(23)
k 
f
 
Similar to the thickness of the liquid layer (discussed previously), Nu is also influenced by the

nano-PCM properties and Ste×Fo, as observed from Eq. (23).
3.4.2. The Mixed Conduction-Convection (or Transition) Regime
As time advances, a small portion of the liquid nano-PCM starts circulating due to convection at
the upper part of the enclosure. The liquid nano-PCM underneath this convection current remains
stationary. As time progresses further, the vertical extent of the convection current gradually
increases. Figures 3-2(b) and 3-2(f) show this mixed conduction-convection regime. The upper
region (height b as shown in Fig. 3-2(f)) is dominated by convection, while the lower one (height
L-b as shown in Figs. 3-2(b) and 3-2(f)) is still dominated by conduction.
Using the scaling parameters, x~δb and y~b, one can establish the following relationship by using
the continuity equation, Eq. (1)
u

~

b

v
.
b

(24)

Now applying the proper scales of parameters in the momentum equations in the y-direction (Eq.
(3)) and after establishing a balance between the scale of buoyancy term (~g (𝜌 𝛽)𝑛𝑓 ( Th − Tm ))
and the scale of friction term ( ~ vn f /  b ), one can obtain following scale for velocity in the y2

direction:

v~

g ( )nf (Th − Tm ) b

 nf

2

.

(25)

Similar to the momentum equation, scale analysis can be applied to the energy equation in the
liquid nano-PCM region, Eq. (4), after establishing a balance between the scale of advection term
(~ 𝜈 (𝑇ℎ − 𝑇𝑚 )⁄b) and the scale of diffusion term (~ knf (𝑇ℎ − 𝑇𝑚 )⁄( ρ cp )nf δb 2) to obtain the
following scale for velocity in the y direction
v~

knf

b

( c p ) nf  b 2
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.

(26)

At this stage of the melting process, the liquid nano-PCM region was wider in its upper portion,
within a height of b, than in its lower portion, within the height L-b. This caused heat convection
in the upper portion and heat conduction in the lower portion. Due to convection in the upper
portion of the liquid nano-PCM region, a thermal boundary layer of thickness δb appeared. δb was
smaller than the thickness of the liquid nano-PCM except at the conduction-convection transition
level where
5 b ~ D .

(27)

Now using Eqs. (24) to (26), after some re-arrangement, one can obtain an expression of δb in the
following form:
−

 b ~ b Rab

1
4

(28)

where Rab is the Rayleigh number based on the length scale b (Rab = g (ρ β)nf b3 ( Th -Tm )⁄μnf αnf ).
Combining Eqs. (19), (27), and (28) results in

b ~ L Ra ( Ste  Fo )
where

Ra

is

the

Rayleigh

number

2

(29)
based

on

the

length

scale

L

(Ra= g (ρ β)nf L3 ( Th -Tm )⁄μnf αnf).
Equation (29) shows that the vertical extension of the convective layer in the transition region
depends on L, Ra, and Ste×Fo. Equation (29) also implies that b is more sensitive to the change in
Ste×Fo due to its square relationship.
As mentioned above, convection is the dominant heat transfer form in the upper portion of the
nano-PCM liquid region within b, while within L-b, the nano-PCM liquid thickness is small, which
makes conduction dominant. The total heat transfer rate per unit depth in the transition region can
be calculated after combining convection over b and conduction over L-b as shown in the following
equation:

(T − Tm ) + k b (Th − Tm ) .
Q ~ k nf (L − b ) h
nf
D
b

(30)

Combining Eqs. (19), (20), (28), and (30), one obtains a scale for Nu as
−

k 
2
2
Nu ~ nf (Ste  Fo ) + (Ste  Fo ) Ra 
(31)
kf 

Equation (31) reveals the behavior of the heat transfer during the melting process in the liquid
1

3

nano-PCM region in the mixed conduction-convection regime. At the beginning of the melting
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process, i.e. Ste×Fo= 0, conduction played a major role in transferring heat through the liquid
nano-PCM (Nu~ ( knf ⁄kf )(Ste×Fo)-1⁄2 ), which agrees with Eq. (23). As time advanced, the
convection effect started to appear and grew until the vertical extension of the convective layer
reached the lower wall of the enclosure (i.e. b= L), as seen in Eq. (29). At this time, the effect of
conduction disappears at the time of order

( Ste  Fo)1 ~ Ra

−

1
2

.

(32)

At this time, the mixed conduction-convection regime ends, and the convection regime starts.
3.4.3. The Convection Regime
As time progressed further, the thickness of the circulating region became wide enough to occupy
the entire nano-PCM liquid region (height L), as shown in Figs. 3-2(c) and 3-2(g). In other words,
convection becomes the dominant mode of heat transfer. The Nusselt number in this region can be
defined as
Nu =

hL
.
kf

(33)

Since Pr>1 for typical liquids and the scaling law for the energy balance at the interface gives us
h~ knf ⁄δT , the overall Nu scale becomes

Nu ~

knf
kf

1

Ra 4 .

(34)

Ra affected the strength of the convection current, which in turn affected the speed of the
movement of the interface to the right (dD⁄dt). This interface movement also influenced the rate
of the heat transfer. The interface in the convection regime was deformed because more heat
penetrated the upper part of the interface than the lower part. The deformation of the interface is a
function of the vertical location and time, i.e. D(y,t). The average thickness of the nano-PCM liquid
layer can be written as

1L
 D ( y,t ) dy .
L0
Now, the total heat transfer rate at the interface is
Davg ( t ) =

dD
Q ~  nf h f L avg .
dt

Using Eqs. (20) and (34), one can write
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(35)

(36)

1

Q ~ Ra 4 knf (Th − Tm ) .

(37)

Combining Eqs. (36) and (37) and simplifying, one obtains a scale for the Davg

Davg ~ LRa

1
4

(Ste  Fo ) .

(38)

Equations (34) and (38) can be used until the interface hits the right wall (Davg ~L) at a
dimensionless time (Ste×Fo)2. This time can be calculated from Eq. (38) in the following form:

( Ste  Fo )2 ~ Ra

−

1
4

.

(39)

As shown in Eq. (32), convection dominates after a time of order (Ste×Fo)1 ; however, the
convection regime exists only if (Ste×Fo)2 > (Ste×Fo)1 . Alternatively, by combining Eqs. (32)
and (39), one can show that
1

Ra 4  1 .

(40)

If (Ste×Fo)2 < (Ste×Fo)1 and Ra1⁄4 <1, the interface reaches the right wall while the mixed
conduction-convection regime still exists. Therefore, the existence of the convection regime during
the melting process is governed by two parameters: Ra and Ste×Fo. However, the convection
regime ends at a time of order (Ste×Fo)2 . After this time the shrinking solid regime starts, which
is discussed in the next section.
3.4.4. The Variable Height (or Shrinking Solid) Regime
After the interface reached the top right corner of the enclosure beyond a time of order (Ste×Fo)2 ,
a fourth regime in the melting process appeared (see Fig. 3-2(d) and Fig. 3-2(h)). This regime is
called the variable height or the shrinking solid [87]. The amount of the remaining solid affects
the melting and heat transfer rates. The cross-section of the remaining solid nano-PCM is assumed
to be a triangle. The interface represents the hypotenuse of the triangle, so the scales of the solid
nano-PCM cross section is l z, where l is assumed to be fixed.
The dimensionless height of the remaining solid (z̅) can be calculated as [87]:
1

1
L
 z 4
(41)
  = z 4 ~ 1 − Ra 4 ( Ste  Fo) − ( Ste  Fo) 2 
l
L
It can be concluded from Eq. (41) that as the time advances beyond (Ste×Fo)2 , the height of the
1

remaining solid nano-PCM (z) decreases. Note that full melting is gained at a time of order
(Ste×Fo)3 in the case of z⁄L ≪1. At this stage, Eq. (41) becomes
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(Ste  Fo)3 − (Ste  Fo)2  ~

1
l
−
Ra 4 .
(42)
L
In some stages during the melting of the remaining solid nano-PCM, it can be assumed that the

reduction of l and z occurs at the same rate. The dimensionless height of the remaining solid, z̅,
becomes
5

1
L
 z 4
  = z 4 ~ 1 − Ra 4 ( Ste  Fo) − ( Ste  Fo) 2 
l
L
and for the full melting stage, Eq. (43) can be written as
5

(Ste  Fo)3 − (Ste  Fo)2  ~ Ra − 4 .
1

(43)

(44)

The Nu scale for the shrinking solid nano-PCM regime can be expressed as

k
Nu ~ nf 1 − Ra
kf 

3

1
4

5
((Ste  Fo) − (Ste  Fo)2 ) Ra


1
4

(45)

Equation (45) reveals that after the interface touches the right wall, Nu drops sharply, as Ra
increases. Also, Eq. (45) indicates the approximate linear behavior of Nu in terms of (Ste×Fo).

3.5. Results and Discussion
Until this point, the results obtained from the scale analysis of the governing equations were
presented. Results obtained from the numerical calculations are presented in this section.
A numerical investigation was carried out to identify the transport characteristics of a nano-PCM
during the melting process inside an enclosed space. The numerical simulation used two nanoPCMs: (i) CuO nanoparticles dispersed in Rubitherm RT-18 (nano-PCM-1); and (ii) CuO
nanoparticles dispersed in a coconut oil PCM (nano-PCM-2). The governing equations, i.e. Eq. (1)
to Eq. (6), with the initial and boundary conditions, Eq. (13), were solved numerically using the
finite element method. A mesh independency test was performed, as shown in Fig. 3-3. A mesh of
26414 elements was formed with a mesh area of 9.46610-5 m2. This mesh showed a more stable
behavior in comparison to the other tested mesh grids. Initial values for the temperature, the
velocity, and the pressure of the nano-PCM were stipulated. An iterative solver was used to update
the values of these parameters. If the difference between the previous and recent values was higher
than the convergence criteria, the calculations were repeated; otherwise, the values were
confirmed. The selected convergence criterion was 10-3. A more detailed description of the
numerical technique is presented in Mahmud and Pop [110].
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Figure 3-3 Mesh independence test

During the numerical simulation, the left vertical wall of the enclosure was kept at a constant
temperature, which was higher than the melting temperature of the nano-PCM, while the remaining
walls were kept thermally insulated. The total domain occupied by the nano-PCM was divided into
liquid and solid regions based on the temperature of the nano-PCM at any particular time of the
iterative solution process. The governing equations representing the liquid nano-PCM (i.e. the
continuity equation, Eq. 1), the momentum equations in liquid (Eq. 2 and Eq. 3), and the energy
equation in liquid, (Eq. 4) were active in the liquid region, while the governing equation
representing the solid nano-PCM (energy equation in a solid, Eq. 5) was active in the solid region
only. The interface boundary condition (available in Eq. 13) acts as a condition between these two
regions. Note that at t= 0, a very thin stationary liquid region that was attached to the hot wall was
considered for initiating the numerical calculation. After each iteration, the solid-liquid interface
was moved based on the updated solution and using the interface condition in Eq. (13). The
selected volume fractions for the nano-PCM (ϕ) were 0%, 2%, and 4%. Four different Rayleigh
numbers, based on the properties of the base PCM
(Ra= 104, 105, 5×105, and 106), are selected for the current simulation. In addition to the base Ra
(i.e. Ra when ϕ= 0 or Raϕ=0% ), an alternate Rayleigh number was also used in the subsequent
sections when ϕ> 0 (i.e. Raϕ ), as the thermophysical properties were modified for non-zero ϕ cases.
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Similarly, (Ste×Fo)ϕ refers to the case of non-zero ϕ cases. In this study, the base Ra was changed
by changing the size of the enclosure.
Initially, a comparison between the results obtained from the current model and the results
available in the literature from Khodadadi and Hosseinizadeh [73], Brent et al. [111], and Gau and
Viskanta [112], was presented to verify the accuracy and validity of the current numerical
simulation. The computational [73, 111] and experimental [112] results of the liquid-solid
interface movement with time for gallium during the melting process in a rectangular enclosure
(8.89 cm  6.35 cm) were compared with the current simulation. The thermophysical properties
of pure gallium and the associated dimensionless parameters are listed in Table 3.2. The
thermophysical properties are based on the average temperature of the experimental temperatures,
which ranged from 28.3oC to 38oC. Boundary conditions for this test case were set according to
the literature [73, 111, 112], i.e. an isothermal left wall at 38oC and a right wall at 29.78oC, and
adiabatic top and bottom walls. A comparison of the results is presented in Fig. 3-4. A fair
agreement between the current results and the available results in the literature was observed.

Table 3.2 Physical properties of pure gallium and dimensionless parameters [111]

 (liquid) (kg/m3)

6093

 reference (kg/m3)

6095

o

Treference ( C)

29.78

 (1/K)

1.210-4
32.0

k (W/m K)
Tm (oC)

29.78

h f (J/kg)

80160

c p (J/kg K)

381.5

 (Pa.s)

1.8110-3

Pr

2.1610-2
3.910-2
6105

Ste
Ra
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Brent et al. [111]
Gau and Viskanta [112]
Khodadadi and Hosseinizadeh [73]
Present work

Figure 3-4 Comparison between the present prediction and the reported results in the literature for the
melting of gallium in a square enclosure

3.5.1. Progression of the Melting Process at Ra= 105 and ϕ= 2%
For a constant volume fraction (ϕ= 2%) and six selected times, ((Ste×Fo)ϕ=2% = 0.007, 0.028,
0.076, 0.142, 0.152, and 0.184), Figs. 3-5(a) to 3-5(f) reveal the progression of the melting process
of a nano-PCM-1 over time in terms of flow and thermal fields at Ra= 105 (Raϕ=2%= 89 219). The
selection of Ra= 105 was completely arbitrary. Velocity vectors were used to represent the flow
field in the liquid nano-PCM region, while isothermal floods were used to represent the thermal
field in both the liquid and the solid nano-PCM regions. Temperature values were converted to
their dimensionless forms (i.e. (T-Tm )⁄ (Th -Tm )) in Figs. 3-5(a) to 3-5(f), and also in the subsequent
figures. At (Ste×Fo)ϕ=2% = 0.007 (Fig. 3-5(a)), the flat vertical liquid-solid interface reveals the
dominance of the conduction mechanism inside the liquid nano-PCM region. As time advanced,
the gradual appearance of the thermal boundary layers can be observed from Figs. 3-5(b) to 3-5(f).
In Fig. 3-5(b) at (Ste×Fo)ϕ=2% = 0.028, it can be seen that the liquid nano-PCM region is wider in
the upper part of the cavity. The non-uniform thickness of the liquid nano-PCM region is the result
of the limited convection region in the upper part of the liquid nano-PCM region. The liquid-solid
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interface is distorted due to the non-uniform thickness of the liquid nano-PCM region. The
deflection at the top of the interface and its semi-straightness along the other parts indicate the
mixed conduction-convection regime, as seen in Fig. 3-5(b). The dominance of the convection
heat transfer mode can be visualized by observing the shift in the shape of the melting interface,
as observed in Fig. 3-5(c).
The natural convection current pushed the liquid nano-PCM upwards along the hot wall and turned
it towards the solid nano-PCM near the top adiabatic fixed wall of the enclosure. The thermal
energy penetrated the solid nano-PCM and changed the shape of the interface due to the
continuation of melting. The liquid nano-PCM was at its highest temperature near the top adiabatic
wall because of the thermal stratification effect. Along the interface, the liquid nano-PCM moved
in the downward direction and continuously lost thermal energy to the solid nano-PCM. This
thermal energy melted the solid nano-PCM. The solid nano-PCM melts at a faster rate in the upper
part of the melting interface because of the higher rate of thermal energy transfer as mentioned
earlier. Therefore, a wider liquid region was observed near the top part of the enclosure with a
gradually shrinking solid region in the downward direction, as observed in Fig. 3-5(c). The
ongoing heating pushed the liquid-solid interface to reach the right upper corner of the enclosure,
as observed in Fig. 3-5(d). As the liquid-solid interface touched the right upper corner, the fourth
stage of the melting process started. This stage is called the variable height or shrinking solid
regime [89]. Figure 3-5(e) reveals that the warm convection currents melt the top of the remaining
solid nano-PCM faster than the lower part. The melting process of the nano-PCM ended with the
melting of all of the solid nano-PCM in the enclosure, as observed in Fig. 3-5(f).
The progression of the melting process using nano-PCM-2 (CuO nanoparticles dispersed in a
coconut oil PCM) is presented in Figs. 3-6(a) to 6(f). For the sake of comparison, identical
(Ste×Fo)ϕ=2% values were used (0.007, 0.028, 0.076, 0.142, 0.152, and 0.184). The nano-PCM-2
showed a similar melting characteristic to that of the nano-PCM-1.
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(a) (Ste×Fo)ϕ=2% =0.007, MF= 9.8%

(b) (Ste×Fo)ϕ=2% =0.028, MF= 19.4%

(c) (Ste×Fo)ϕ=2% = 0.076, MF= 37%

(d) (Ste×Fo)ϕ=2% = 0.142, MF= 68.2%

(e) (Ste×Fo)ϕ=2% = 0.152, MF= 77.8%

(f) (Ste×Fo)ϕ=2% = 0.184, MF= 100%

Figure 3-5 Time evolution of flow and thermal fields for nano-PCM-1 (CuO nanoparticles dispersed in RT18) at Raϕ=0% = 105 and ϕ= 2% (i.e., Raϕ=2% = 89219) for different values of (Ste×Fo)ϕ=2%
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(a) (Ste×Fo)ϕ=2% =0.007, MF=10%

(b) (Ste×Fo)ϕ=2% =0.028, MF=19.6%

(c) (Ste×Fo)ϕ=2% = 0.076, MF= 37.7%

(d) (Ste×Fo)ϕ=2% = 0.142, MF=71.9%

(e) (Ste×Fo)ϕ=2% = 0.152, MF= 79.5%

(f) (Ste×Fo)ϕ=2% = 0.184, MF= 97.4%

Figure 3-6 Time evolution of flow and thermal fields for nano-PCM-2 (CuO nanoparticles dispersed in
coconut oil) at Raϕ=0% = 105 and ϕ= 2% (i.e. Raϕ=2% = 90 520) for different values of (Ste×Fo)ϕ=2%

3.5.2. The Effect of the Volume Fraction (ϕ) on the Melting Process at Ra=104
For a constant base Rayleigh number (Ra= 104), Figs. 3-7(a) to 3-7(c) represent the effect of the
volume fraction on the flow and thermal fields, and corresponding interface movements during the
melting process at three different dimensionless times defined at base properties, i.e.
(Ste×Fo)ϕ=0% = 0.029, 0.148, and 0.224. The selection of Ra= 104 in this section was completely
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arbitrary. The plots from left to right exhibit the time evolution of flow and thermal fields for a
given volume fraction, while from top to bottom the plots exhibit the influence of the volume
fraction at a particular time, i.e. (Ste×Fo)ϕ=0%.
A circulatory flow pattern was observed in the liquid nano-PCM region. This clockwise circulation
occurred when the hot liquid nano-PCM rose upward along the hot wall due to its relatively lower
density, and the cold liquid nano-PCM moved downwards along the interface due its relatively
higher density. The nearly parallel temperature lines at (Ste×Fo)ϕ=0% = 0.029, Fig. 3-7(a), indicate
the dominance of heat conduction for all volume fractions considered. The addition of metallic
nanoparticles to the base PCM exhibited an improvement in the melting rate for a given melting
time. Such improvements in the melting rate occurred due to the increase in the effective thermal
conductivity and the decrease in the latent heat of fusion of the nano-PCM when compared to the
base PCM [111, 112]. The addition of nanoparticles also increased the viscosity, density, and
specific heat, and decreased the thermal diffusivity of the nano-PCM. The increase in the viscosity
was, however, comparable to the increase in the thermal conductivity. A 5% increase in viscosity
was observed with a 2% addition of nanoparticles to the PCM, while a 6 percent increase in thermal
conductivity was observed for the same amount of nanoparticles, i. e. 2%, in the PCM. Therefore,
an increase in the density and the thermal conductivity, and a decrease in the thermal diffusivity
of the nano-PCM enhanced the natural convection heat transfer during the melting process of the
nano-PCM at this Ra when the heat transfer during melting was dominated by convection. At
(Ste×Fo)ϕ=0% = 0.148, Fig. 3-7(b), the melting interface started to deform with a wider liquid nanoPCM region at the top of the enclosed space followed by a relatively narrow liquid nano-PCM at
the bottom of the enclosed space. The deformed interface indicated the onset of the convection
with a clear indication of the formation of the thermal boundary layer. Fig. 3-7(b) demonstrates
that the convection region occurs earlier as the volume fraction increases, and the melting process
becomes faster. Figure 3-7(c) reveals that an increase in the volume fraction of the metallic
nanoparticles further accelerates the appearance of the variable height (or shrinking solid) regime.
As reported in [113], the viscosity of the PCM increased with the addition of nanoparticles. For
the nano-PCM-1, increases in the viscosity of 1.05 and 1.1 times were observed at ϕ= 2% and ϕ=
4%, respectively. Such increases in viscosity were not sufficient to retard the strong convection
current.
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ϕ

0%

(Ste×Fo)ϕ=0% = 0.029,
MF= 20%

(Ste×Fo)ϕ=0% = 0.148,
MF= 45.8%

(Ste×Fo)ϕ=0% = 0.224,
MF= 61%

(Ste×Fo)ϕ=2% = 0.032,
MF= 20.8%

(Ste×Fo)ϕ=2% = 0.159,
MF= 47.7%

(Ste×Fo)ϕ=2% = 0.246,
MF= 75.2%

2%

4%

(Ste×Fo)ϕ=4% = 0.035,
(Ste×Fo)ϕ=4% = 0.173,
(Ste×Fo)ϕ=4% = 0.266,
MF= 21.6%
MF= 49.6%
MF= 94.8%
(a) (Ste×Fo)ϕ=0% = 0.029
(b) (Ste×Fo)ϕ=0% =0.148
(c) (Ste×Fo)ϕ=0% =0.224
Figure 3-7 Flow and thermal fields for nano-PCM-1 at Raϕ=0% = 104 for volume fractions of 0% (Raϕ=0% =104),
2% (Raϕ=2% =8922), and 4% (Raϕ=4% =7956.6) for (Ste×Fo)ϕ=0% = (a) 0.029, (b) 0.148, and (c) 0.224
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The results presented in Figs. 3-8(a) to 3-8(c) are repeated for nano-PCM-2 (CuO nanoparticles
dispersed in a coconut oil PCM) and presented in Figs. 3-8(a) to 3-8(c) for ϕ= 0% (Ra= 104), 2%
(Raϕ=4% = 9052.1), and 4% (Raϕ=4%= 8186) and (Ste×Fo)ϕ=0% = 0.029, 0.148, and 0.224.

ϕ

0%

(Ste×Fo)ϕ=0% = 0.029,
MF= 20.5%

(Ste×Fo)ϕ=0% = 0.148,
MF= 46%

(Ste×Fo)ϕ=0% = 0.224,
MF= 61.8%

(Ste×Fo)ϕ=2% = 0.032,
MF= 20.0%

(Ste×Fo)ϕ=2% = 0.159,
MF= 47.6%

(Ste×Fo)ϕ=2% = 0.246,
MF= 75.0%

2%

4%

(Ste×Fo)ϕ=4% = 0.035,
(Ste×Fo)ϕ=4% = 0.173,
(Ste×Fo)ϕ=4% = 0.266,
MF= 21.0%
MF= 49.6%
MF= 92.0%
(a) (Ste×Fo)ϕ=0% = 0.029
(b) (Ste×Fo)ϕ=0% =0.148
(c) (Ste×Fo)ϕ=0% =0.224
Figure 3-8 Temperature and velocity vectors for nano-PCM-2 for volume fractions of 0% (Raϕ=0% = 104), 2%
(Raϕ=2% = 9052.1), and 4% (Raϕ=4% = 8186)) for (Ste×Fo)ϕ=0% = (a) 0.029, (b) 0.148, and (c) 0.224
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3.5.3. The Effect of the Rayleigh Number
The effect of Ra on the progress of the melting process of nano-PCM-1 is shown in Fig. 3-9.
Temperatures, velocity vectors, and interface locations are shown at (Ste×Fo)ϕ=4% = 0.109 after
the melting process was initiated. Four different values of the base Ra (= 104, 105, 5×105, and 106)
were selected for the simulation, while the volume fraction was kept constant (ϕ = 4%). At Ra=
104 (Fig. 3-9(a)), the viscous force was dominant over the buoyancy force at the lower half of the
liquid nano-PCM region. At the upper half of the liquid nano-PCM region, the buoyancy force
was dominant over the viscous force. Consequently, this causes the dominance of heat conduction
in the lower half of the liquid nano-PCM region, which appeared in the form of parallel
temperature lines, and the dominance of heat convection in the upper half of the liquid nano-PCM
region. At Ra= 105 (Fig. 3-9(b)), the entire liquid region was dominated by a strong convection
current due to the significant dominance of the buoyancy force over the viscous force. This resulted
in a distorted solid-liquid interface shape, and the upper part of it moved further towards the right
wall with an increasing Ra. In Fig. 3-9(c) at Ra= 5105, a shrinking solid region is observed. There
was a substantial decrease in the quantity of the solid nano-PCM in the shrinking solid regions at
a higher Ra (=106), as seen in Fig. 3-9(d). An increasing Ra is associated with higher convection
currents, which accelerates the melting of the solid nano-PCM. This result confirmed the scale
analysis results presented in Eqs. (29), (38), and (43).
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(a) Raϕ=0% = 104 (Raϕ=4% =7956.6)

(b) Raϕ=0% = 105 (Raϕ=4% =79565)

(c) Raϕ=0% = 5×105 (Raϕ=4% =3.9781×105)

(d) Raϕ=0% = 106 (Raϕ=4% =7.9565×105).

Figure 3-9 Flow and thermal fields for nano-PCM-1 at ϕ= 4% and (Ste×Fo)ϕ=4% = 0.109 at different Raϕ=0%
(a) 104, (b) 105, (c) 5×105, and (d) 106

A similar behavior was observed on the progress of the melting process of nano-PCM-2 for
different Ra, as shown in Fig. 3-10. The shape of the melting front in the shrinking solid region
was qualitatively different for nano-PCM-2 than that for nano-PCM-1.
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(a) Raϕ=0% = 104 (Raϕ=4% = 8186)

(b) Raϕ=0% = 105 (Raϕ=4% = 81859)

(c) Raϕ=0% = 5×105 (Raϕ=4% =4.0928×105)

(d) Raϕ=0% = 106 (Raϕ=4% =8.1858×105)

Figure 3-10 Temperature field and velocity vectors for nano-PCM-2 at ϕ =4% and (Ste×Fo)ϕ=4% = 0.109 at
different Raϕ=0% (a) 104, (b) 105, (c) 5×105, and (d) 106

3.5.4. Heatlines
Equations (6), (14), and (15) were used to calculate the heatfunction for the present problem. The
corresponding heatlines are presented in Figs. 3-11(a) to 3-11(c) for the nano-PCM-1, and Figs. 312(a) to 3-12(c) for the nano-PCM-2 for Ra= 105, and ϕ= 0%, 2%, and 4% at (Ste×Fo)ϕ=0%=
3×10-4, 0.076, and 0.127. At (Ste×Fo)ϕ=0%= 3×10-4, the pattern of the heatlines showed that
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conduction dominated in the melted nano-PCM (Fig. 3-11(a)). In the conduction dominated zone,
all the heatlines originated from the hot wall and terminated at the liquid-solid interface. Such
heatlines can be termed as free, and this revealed that all the heat transfers from the hot wall to the
cold interface. In this case, the solid nano-PCM acted as a heat sink. Figure 3-11(a) reveals that at
the beginning of the melting of the nano-PCM, adding metallic nanoparticles had an insignificant
effect on the melting process. At (Ste×Fo)ϕ=0% = 0.076 (Fig. 3-11(b)), the convection regime
appeared for all selected volume fractions, as observed through the non-straight and closed loop
heatlines. The improvement in the melting rate with the addition of metallic nanoparticles is
observed in Figs. 3-11(b) and 3-11(c) as the convection heat transfer increased due to the
improvement in the thermal conductivity of the nano-PCM. At (Ste×Fo)ϕ=0% = 0.127 (Fig. 311(c)), the melting rate was increased further at ϕ= 4%, and the closed loop heatlines occupied a
larger space in the liquid nano-PCM region. Closed loops of the heatlines indicated that a lower
heat transfer occurred from the hot wall to the cold interface. The rest of the thermal energy was
used to sensibly heat the liquid nano-PCM, which showed a lower heat transfer rate at a higher
time and volume fraction of nanoparticles. A faster melting rate was observed for nano-PCM-2
than nano-PCM-1. This may be attributed to the fact that nano-PCM-2 has a lower heat of fusion
and a higher density than nano-PCM-1. As seen in Figs. 3-12(a) to (c), the heatlines exhibited a
qualitatively similar formation pattern throughout the melting of nano-PCM-2 as was observed in
the case of nano-PCM-1.
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ϕ

0%

(Ste×Fo)ϕ=0% = 3×10-4

(Ste×Fo)ϕ=0% = 0.076

(Ste×Fo)ϕ=0% = 0.127

(Ste×Fo)ϕ=2% = 0.001

(Ste×Fo)ϕ=2% = 0.083

(Ste×Fo)ϕ=2% = 0.138

(Ste×Fo)ϕ=4% = 0.0011
(a) (Ste×Fo)ϕ=0% =3×10-4

(Ste×Fo)ϕ=4% = 0.089
(b) (Ste×Fo)ϕ=0% = 0.076

(Ste×Fo)ϕ=4% = 0.149
(c) (Ste×Fo)ϕ=0% = 0.127

2%

4%

Figure 3-11 Heatlines and thermal fields for nano-PCM-1 for different times at Raϕ=0% =105, for different
values of volume fractions of 0% (Raϕ=0% = 105), 2% (Raϕ=2% = 89219), and 4% (Raϕ=4% = 79565) at
(Ste×Fo)ϕ=0% = (a) 3×10-4, (b) 0.076, and (c) 0.127
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(Ste×Fo)ϕ=0% =0.076

(Ste×Fo)ϕ=0% =0.127

(Ste×Fo)ϕ=2% =0.001

(Ste×Fo)ϕ=2% =0.083

(Ste×Fo)ϕ=2% =0.138

(Ste×Fo)ϕ=4% =0.0011
(a)

(Ste×Fo)ϕ=4% =0.089
(b)

(Ste×Fo)ϕ=4% =0.149
(c)

2%

4%

Figure 3-12 Heatlines and thermal fields for nano-PCM-2 for different times at Raϕ=0% = 105, for different
values of volume fractions of 0% (Raϕ=0% = 105), 2% (Raϕ=2% = 90520), and 4% (Raϕ=4% = 81859) at
(Ste×Fo)ϕ=0% = (a) 3×10-4, (b) 0.076, and (c) 0.127
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3.5.5. The Average Nusselt Number
The average Nusselt number was calculated using Eq. (12). For two selected cases of volume
fractions (0% and 5%), the Nusselt number is presented in Figs. 3-13(a) and 3-13(b) as a function
of dimensionless Ste×Fo. For each case, three values of the base Rayleigh number (104, 105, and
106) were considered. In Fig. 3-13(a), the Nusselt numbers obtained for the base PCM case (i.e. ϕ
= 0%) were compared to the results reported by Jany and Bejan [87]. A good agreement was
observed between the present results and those of Jany and Bejan [87] for Ra= 105 and 106. It is
observed from Figs. 3-13(a) and 3-13(b) that Nu increases as Ra increases. This result had been
predicted by the scale analysis in Eq. (34).
The trend of Nu during the melting process was predicted by the scale analysis, which can be
clearly tracked at Ra= 106. At the beginning of the melting process (pure conduction) Nu
decreased, which is predicted by Eq. (23). This trend stops earlier at Ra= 106 than for a lower Ra
(105 and 104) because of the high heat transfer rate at a higher Ra. At Ra = 106, a minimum Nu
was observed at Ste×Fo= 0.011973 for ϕ=0% and at Ste×Fo= 0.01306 for ϕ=5% which indicated
the end of the second regime or the mixed conduction-convection regime of melting. Convection
in the melting regime began, followed by the end of the second regime as observed by the plateau
behavior of Nu with Ste×Fo. It ended when the melt front touched the right wall of the enclosure.
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Figure 3-13 Nu as a function of Raϕ=0% at ϕ= (a) 0% and (b) 5%
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3.6. Experimental Visualization of the Melting Process of a PCM and a nanoPCM
An experimental visualization process was carried out to compare the melting processes of nanoPCM-2 with three different volume fractions: ϕ= 0%; 0.034%; and 0.5%. The volume fractions of
ϕ= 0.034% and 0.5% correspond to a mass fraction of 0.2% and 3.4 % respectfully for the CuO
nano-particles. The properties of the coconut oil are listed in Table 3.1. The experimental set up is
shown in Figs. 3-14(a) and 3-14(b). A brief description of the experimental setup is available in
Section 4.
The experiment was performed using an isothermal boundary condition at the left wall of the
enclosure while the remaining walls were insulated. A thermal regulator was used to maintain the
left wall at constant temperature (50oC). An internal hot water circulation net was built to ensure
that the temperature of the hot water reached 50oC before releasing the hot water to the plate-andtube heat exchanger that acted as the left wall of the enclosure. The mass of the CuO nanoparticles
was measured with a high-precision balance and then mixed with a pre-measured liquid PCM
(coconut oil). This mixture was initially stirred in a magnetic stirrer for two hours keeping the
temperature of the mixture 15oC above the melting temperature of the coconut oil. The mixing
process was further intensified by using a sonicator for thirty minutes. The nano-PCM thus
produced was solidified and melted multiple times in a temperature-controlled bath to ensure its
stability and to observe any sedimentation. The nano-PCM was then poured into an enclosure by
following multiple steps to ensure that no air was trapped inside the enclosure.
In parallel, a visualization experiment was conducted for a pure PCM to compare the result with
the nano-PCM. Figures 3-15(a) to 3-15(e) present the experimentally observed progression of the
melting process for both the PCM and the nano-PCM for five selected times (0, 1200, 3000, 4200,
and 6600 s). The times were selected to cover all regimes of the melting process. The melting of
the nano-PCM was observed to be faster than that of the base PCM in all regimes, which
qualitatively matched with the observations obtained through the numerical and the scale analyses.
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⑧
⑤
③

⑦
⑥

②

④

①

Figure 3-14 The experimental set up for the visualization: (1) computer for display and image store; (2)
connecting wire; (3) digital camera; (4) test stand; (5) plate-and-tube heat exchanger; (6) test enclosure; (7)
thermal insulation; and (8) thermal regulator
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Base-PCM

Nano-PCM (  = 0.034%)

Nano-PCM (  = 0.5%)

(a) Time = 0 s

(b) Time = 1200 s

(c) Time = 3000 s

(d) Time = 4200 s

(e) Time = 6600 s
Figure 3-15 Experimental comparison of the melting process between base-PCM-2 and nano-PCM-2 (ϕ=
0.034% and 0.5%). A numerical experimental comparison at ϕ= 0.034% is presented
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3.7. Conclusions
The thermal performance of a nano-PCM was analyzed as an efficient energy storage material.
Scale analysis was performed to examine different melting regimes of the nano-PCM during the
melting process. Performance characteristics, identified from the scale analysis, were verified with
the subsequent numerical solutions. As a representative energy storage geometry, a rectangular
enclosure was selected with one isothermal wall and three insulated walls. Nanoparticles (CuO)
were added to Rubitherm RT18 and coconut oil to form nano-PCMs. The following conclusions
were drawn from the present study:
• The solid-liquid interface shape was a significant indicator for the stage of the melting
process. The vertical flat interface indicated the conduction limit. The deformed interface in
the upper part of the enclosure and the vertical flat interface in the lower part of the enclosure
indicated the mixed conduction-convection regime. The entire deformed interface indicated
the dominance of convection.
• Adding nanoparticles to the PCM accelerated the melting process. This was observed
through the experimental visualization method and validated by numerical simulations and
scale analysis.
• Changing the PCM from Rubitherm to coconut oil with CuO nanoparticles changed the
melting rate.
• The addition of nanoparticles during the conduction regime did not affect the melting
process.
• The mode of the heat transfer after the initial melting differed according to Ra. At Ra= 104
and 105, heat conduction was dominant as a result of the dominance of the viscous force over
the buoyancy force. At Ra= 106, natural convection became the dominant mode of heat
transfer due to the buoyancy force.
• The numerical results were successfully predicted by the scale analysis. This can be seen
through the behavior of the thickness of the melted area throughout the melting process, as
well as through the trends of Nu for the studied volume fractions and Ra.
• All of the energy streamlines in the conduction limit were free, which meant that all of the
energy was devoted to melting the solid nano-PCM. In the convection regime, part of the
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energy was used to melt the solid nano-PCM, i.e. free energy streamlines, and the other part
heated the liquid nano-PCM, i.e. trapped the energy streamlines.
• The stages of the melting process could be tracked from the trend of Nu. The conduction
limit occurred when Nu decreased. The mixed regime was at the lowest Nu. The convection
regime occurred when Nu obtained plateau behavior.
Exergy analysis for thermal storage exposed to constant temperature was performed and detailed
in Appendix A.
Future studies will focus on a detailed examination of the shrinkage regime of melting. As well,
enhancing the melting process of the PCM by adding metallic nanoparticles holds a promising
approach for latent heat energy storage systems.
Nomenclature
b
cp
D
Fo
E
Gr
g
H
h
hf
k
L
l
Nu
p
Pr
Q

height of the convection dominated liquid region (m)
specific heat at constant pressure (J/kg K)
melting interface position from the left wall (m)
Fourier number, Fo=knf t/( ρ cp )nf L2
energy flux density vector (W/m2)
Grashof number
gravitational acceleration (m/s2)
Heatfunction defined in Eq. (6)
convection heat transfer (W/m2)
latent heat of fusion (J/kg)
thermal conductivity (W/(m K))
enclosure height (m)
height of the remaining solid nano-PCM (m)
average Nusselt number, defined in Eq. (12)
pressure (Pa)
Prandtl number, Pr= μnf cpnf ⁄knf
Total heat transfer rate per unit length (W/m)

Ra

Rayleigh number based on L for the base PCM, Ra= g (ρ β) L3 ( Th -Tm )⁄μ α

Raϕ

Rayleigh number based on L for the nano-PCM, Ra= g (ρ β)nf L3 ( Th -Tm )⁄μnf αnf

Rab

Rayleigh number based on b for the nano-PCM, Rab = g (ρ β)nf b3 ( Th -Tm )⁄μnf αnf

Ste

Stefan number, Ste=cpnf (Th -Tm )/hfnf

(Ste×Fo)1

Time order at which the mixed conduction-convection (or transition) regime ends
and the convection regime starts
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Time order at which the convection regime ends and the variable height (or
shrinking solid) regime starts
(Ste×Fo)3 Time order at which full melting of the nano-PCM is achieved
temperature (oC)
T
t
time (s)
u
velocity component of the liquid nano-PCM in the x -direction (m/s)
velocity component of the liquid nano-PCM in the y -direction (m/s)
v
x
horizontal coordinate (m)
y
vertical coordinate (m)
the height of the remaining solid nano-PCM portion in the enclosure (m)
z
the dimensionless height of the remaining solid, z = z / L
z
Greek Symbols
α
thermal diffusivity (m2/s)
coefficient of volumetric thermal expansion (1/K)
β
b
thermal boundary layer thickness in a convection zone of height b (m)
(Ste×Fo)2

δT
thermal boundary layer thickness in a convection zone of height L (m)
μ
dynamic viscosity (Pa s)
ρ
density (kg/m3)
volume fraction of the nanoparticles
ϕ
∞
ambient
Subscripts
avg
average
cond
conduction
f
PCM
h
hot
lat
latent
m
melting
n
nanoparticle
nf
nano-PCM
ref
reference value

Chapter 4
4. Nano-PCM Filled Energy Storage System for Solar-Thermal
Applications
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“A version of this chapter has been submitted to Renewable Energy: Al-Jethelah, M.S., Tasnim,
S.H., Mahmud, S. and Dutta, A., 2018. Nano-PCM filled energy storage system for solar-thermal
applications. Renewable Energy, 126, pp.137-155.”

4.1. Introduction
Buildings utilize approximately 40% of the total energy consumed in North America [114].
Therefore, there is an increasing need for reducing the amount of energy consumed by buildings.
Large portions of the building materials used have low thermal conductivities and high heat
capacities. Therefore, a building’s structures have a significant potential to be used as temporary
thermal energy storage (TES) systems [115]. Additionally, the large surface areas of structures
also assist in the proper distribution of thermal energy. Although the fundamental idea of thermal
management of a building was devised to reduce incoming heat during the summer months (to
lower the cooling load) and outgoing heat during the winter months (to lower the heating load),
the concept of thermal management has evolved further over time with the introduction and
advancement of energy efficient buildings and structures, such as ‘low energy buildings’, ‘netzero buildings’, and ‘green buildings’. Therefore, more and more emerging energy conversion and
storage technologies exhibit the potential to be incorporated into a building as an integral part of
it or as a retrofit to the existing building components. Storing energy in the building components
was once considered as an accessorial function; however, a growing number of technical articles
related to building [116–118] have suggested a gradual shift of accessorial need to a necessity
towards achieving sustainable or high performance building.
Typically, a moderate temperature difference is required for the thermal management of the
building. Therefore, low grade energy sources (e.g. solar, waste heat, and district energy) can be
effectively utilized for thermal management of buildings [116–118]. The performance of the
structural component-based TES system can be improved further by incorporating phase change
material (PCM), which can be used in an encapsulated form to store energy. PCM is an attractive
choice for latent heat storage (LHS) systems.
PCMs usually refer to materials that witness a phase transition within a small temperature
variation, from the solid to liquid (or liquid to solid) phases while absorbing (or releasing) thermal
energy [119]. PCM is the core component of latent heat thermal energy storage systems (LHTES).
The amount of thermal energy stored per unit volume in an LHTES system is typically 5 to 14
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times more than that of a sensible heat thermal energy storage system (SHTES) [9]. PCMs have
been widely applied to solar thermal systems [13,120], electronic cooling [121], heating and
cooling of buildings [122], and food storage [123]. However, PCM suffers from poor thermal
conductivity, which reduces the performance of TES systems during energy transport [75].
Dispersing high thermal conductivity nanoparticles into a PCM, thus creating a nano-PCM) [124],
is one of the methods of improving the thermal conductivity of a PCM. Other methods include the
use of a porous matrix [125] and fin [126], which reduce the effective volume of a PCM in a TES.
Dhaidan et al. [127] experimentally and numerically investigated the melting process of a nanoPCM (CuO nanoparticles dispersed in an n-octadecane PCM) in a square enclosure. One vertical
wall of the enclosure was exposed to a constant heat flux, while the other walls were thermally
insulated. The authors found that utilizing nanoparticles increased the thermal conductivity of the
nano-PCM and subsequent heat transfer rate increases, causing faster melting. The melting process
improved as the nanoparticle volume fraction increased. However, higher volume fractions of
nanoparticles could cause agglomeration and precipitation.
Ho and Gao [102] conducted an experimental investigation of the melting of a nano-PCM (Al2O3
nanoparticles dispersed in an n-octadecane PCM) in a square enclosure heated from the left with
a constant heat flux, and cooled from the right at a constant temperature. The observed results
indicate that adding nanoparticles to a PCM reduces the effect of natural convection heat transfer.
The authors observed a reduction in the Nusselt number (defined based on the pure PCM’s
properties), and the total energy passes through the hot wall with increasing mass fractions of
nanoparticles. In a later work, Dhaidan et al. [128] experimentally and numerically investigated
the melting of a nano-PCM (CuO nanoparticles dispersed in an n-octadecane PCM) filled
cylindrical annulus under constant heat flux conditions at the inner cylinder, and adiabatic
conditions at the outer cylinder. The reported results revealed that at lower nanoparticle mass
fractions, the melting process was faster than at higher mass fractions. The enhancement in thermal
conductivity due to the addition of nanoparticles was compensated for with an increase in the
viscosity.
Dhaidan et al. [129] performed a further experimental and numerical investigation on the melting
of a nano-PCM (CuO nanoparticles dispersed in an n-octadecane PCM) inside a horizontal tube
exposed to a constant heat flux boundary condition. The authors observed that the melting process
was enhanced after the incorporation of nanoparticles in the PCM.
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The solidification process of a nano-PCM (Cu nanoparticles dispersed in a water PCM) inside a
differentially-heated square enclosure was numerically studied by Khodadadi and Hosseinizadeh
[73]. The authors observed an increase in the rate of the heat released throughout the freezing
process. Khodadadi and Hosseinizadeh [73] indicated that the increase is due to a higher thermal
conductivity and a lower latent heat of fusion due to the addition of nanoparticles to the PCM.
Using the lattice Boltzmann method, Feng et al. [130] numerically investigated the melting of a
nano-PCM (Cu nanoparticles dispersed in a water PCM) in a rectangular enclosure. The enclosure
was heated from the bottom at a constant temperature, while the top part of the enclosure was
maintained at the melting temperature of the PCM. The numerical results indicated that there was
an improvement in the heat transfer and the melting rates, as well as higher stored energy, due to
the dispersion of the nanoparticles in the PCM.
Sharma et al. [78] performed a numerical study of the effect of adding nanoparticles to a PCM (Cu
nanoparticles dispersed in a water PCM) on the freezing process of a nano-PCM that filled an
isosceles trapezoidal enclosure. The side walls of the enclosure were differentially heated at
constant temperatures. The authors concluded that use of nanoparticles decreased the freezing time
of the nano-PCM.
Ranjbar et al. [131] numerically investigated the solidification of a nano-PCM (Cu nanoparticles
dispersed in water) in a rectangular enclosure. The enclosure was differentially heated at a constant
temperature from the vertical walls, while the horizontal walls were thermally insulated. The
results showed that adding a nano-PCM improved the heat transfer rate. As well, with higher
volume fractions of nanoparticles, the heat transfer rate improved even more.
Using a combination of analytical and integral methods, Fan and Khodadadi [74] performed a
theoretical study of a 1-D solidification problem using a nano-PCM (CuO nanoparticles dispersed
in a cyclohexane PCM). One vertical wall was cooled at a constant temperature, while the opposite
wall was thermally insulated. The authors found that the solidification time was reduced by adding
nanoparticles.
Hosseinizadeh et al. [25] carried out a numerical study on the melting of a nano-PCM (Cu
nanoparticles dispersed in a RT27 PCM) inside a spherical container. The spherical container was
heated at constant temperature. The authors found that the addition of nanoparticles improved the
thermal conductivity and reduced the latent heat of the nano-PCM in comparison with a base PCM.
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Kashani et al. [41] made a numerical investigation of the solidification of a nano-PCM (Cu
nanoparticles dispersed in water) in a vertical wavy enclosure. Constant temperatures were applied
to the side walls to heat the left wall and cool the right wall. The authors concluded that adding
nanoparticles to the PCM accelerated the solidification of the nano-PCM.
A numerical investigation was conducted by Kashani et al. [132] to investigate the solidification
of a nano-PCM (Cu nanoparticles dispersed in an n-hexadecane PCM) in a vertical enclosure. The
left vertical wall was heated, and the right vertical wall was cooled at a constant temperature. The
results showed that the solidification process of the nano-PCM was accelerated when nanoparticles
were added to the base PCM.
Several articles have presented excellent reviews on the fundamental and applied research work
being performed on PCMs. For example, an excellent review regarding the recent progress on the
melting and solidification processes inside different shaped cavities using nano-PCMs was
presented by Dhaidan [133]. Other reviews have included one on phase change processes inside
different shaped containers using regular PCMs by Dhaidan and Khodadadi [134], one on thermal
conductivity enhancement of PCMs using a colloidal suspension by Khodadadi et al. [30], one on
the thermophysical properties of nano-PCMs by Kibria et al. [135], one on the thermal analysis of
PCMs and their applications to TES by Zalba et al. [2], as well as one on PCM materials and their
applications by Farid et al. [51]. Additionally, fundamental and applied research works on pure
PCMs have been discussed in a number of articles [136, 137].
A large number of articles in the existing literature have been devoted to understanding the melting
and/or solidification characteristics of a wide range of pure PCMs inside different shaped
geometries subjected to different initial/boundary conditions. Two excellent examples include
[133] and [137]. In contrast, there is a more limited number of articles that have been devoted to
nano-PCMs inside enclosed spaces of rectangular, cylindrical, and spherical shapes. These include
[41], [69], [100], [133], and [137]. Correlations have also been proposed to determine the melt
fraction and/or the Nusselt number based on experimental analyses [102, 137] and numerical
predictions. A few articles, such as [87], have carried out extensive scale analyses using a pure
PCM inside an enclosed space with an isothermal boundary condition to determine the complete
functional relationships between the Nusselt number, the melt fraction, and dimensionless time.
Nevertheless, a rigorous scale analysis for the phase change processes involving nano-PCMs has
not been reported in the literature, specifically for constant heat flux boundary conditions. An
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analysis such as this is essential to establishing the functional relationship between important
parameters with single correlations covering the complex phase change processes in all the melting
regimes. The current work is the first to describe a detailed scale analysis on the melting process
of a nano-PCM inside an enclosed space under a constant heat flux boundary condition.
Kimura and Bejan [104] proposed the concept of heatlines as an effective technique to visualize
the energy flow, as isotherms and streamlines typically provide inadequate pictures of energy flow
in convection heat transfer problems. Although the heatline technique [104] has been used
extensively in the literature for single phase fluids, few studies have utilized this technique for
melting/solidification problems. For example, Dhar et al. [105] visualized the heatlines throughout
the solidification of a eutectic solution. More recently, heatlines were used to describe a convection
problem involving a single phase CuO-water nanofluid [138]. The present work is the first to
incorporate a heat line visualization and analysis during the melting of a nano-PCM inside an
enclosed space under constant heat flux boundary conditions.
Furthermore, paraffin based PCMs are very popular among researchers. Specifically, a large
number of research articles, such as [71] and [137], have used research grade n-octadecane, which
is an ideal PCM. This is because it has a melting temperature of approximately 28oC, which is
several degrees above the usual room/lab temperature of 22 to 23oC, and it has excellent
temperature-time transition characteristics. Different types of nanoparticles have been
incorporated into n-octadecane to prepare nano-PCMs [71], and a moderate stability with
sedimentation has been reported in the literature. The relatively inexpensive coconut oil PCM,
which is used in this work, is edible and has a melting temperature of approximately 24 oC, which
is close to the typical room/lab temperature of 22 to 23oC. It exhibits excellent stability and very
small sedimentation for longer uses once nanoparticles have been incorporated (tested in the lab).
However, the temperature-time transition characteristics of coconut oil are not as ideal/smooth as
n-octadecane, which has resulted in it being used less for PCM research applications.
In summary, the authors of the current paper have, for the first time, studied the melting process
of an edible coconut oil PCM (Tm = 24oC) with CuO nanoparticles inside a rectangular enclosure
with one isoflux wall and three adiabatic walls. Properties of the nano-PCM were measured and
compared with the modeled equations, and a maximum discrepancy of 5% was observed for the
thermal conductivity of the nano-PCM. Furthermore, a detailed scale analysis was reported, and
functional relationships between the melt fraction, the Nusselt number, and dimensionless time
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were established for a nano-PCM inside a rectangular enclosure with an isoflux boundary
condition. A heatline visualization technique was successfully applied to understand the energy
flow pattern inside the enclosure during the melting process of a nano-PCM.

4.2. Problem Description, Physical Model, and Mathematical Approximation
Active wall thermal energy storage (AW-TES) systems are typically structural components of
energy efficient buildings [4]. Such components are capable of storing energy from low potential
sources (e.g. solar and waste heat) and releasing the stored energy when required. Figure 4-1(a)
shows a schematic diagram of an AW-TES system that contains multiple PCM filled enclosures.
In this work, the enclosures of the AW-TES system are assumed to be packed with a nano-PCM.
One enclosure, which was further approximated by a two-dimensional enclosure, as seen in Fig.
4-1(b), was investigated under constant heat flux boundary conditions. The enclosure was initially
occupied by the solid form of a nano-PCM. One of the vertical walls of the enclosure was suddenly
exposed to a constant heat flux thermal source to initiate the melting process. The remaining three
walls were assumed to be properly insulated by an insulation liner or surrounded by a primary
insulating material (e.g. glass fiber, polyurethane foam, or urethane rigid foam) having a thermal
conductivity much lower than the conductivity of the PCM itself. The main focus of this work was
on the unit enclosure, Fig. 4-1(b). However, a detailed strength and structural analyses were
required to be performed on the entire system, Fig. 4-1(a), to identify its structural integrity, which
was beyond the scope of this study.
Once the melting process was initiated, the liquid-solid interface of the nano-PCM advanced as
time increased. It was further assumed that the liquid nano-PCM was incompressible and a
Newtonian fluid so that the thermophysical properties would remain constant except for the density
term in the vertical momentum equation. To approximate the density variation with the
temperature, the Boussinesq approximation was used.
The conservation of mass, momentum, and energy can be expressed by the following differential
equations:
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Figure 4-1 Schematic diagrams of the (a) active wall thermal energy storage (AW-TES) system, (b) enclosure,
(c) conduction regime of melting, (d) transition (conduction + convection) regime of melting, (e) convection
regime of melting, and (f) variable height (or shrinking solid) regime of melting.
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where u , v , t , nf , p ,  nf , g , nf , T , Tm , k nf , and c p nf are the velocity component in the x direction, velocity component in the y -direction, time, density of the nano-PCM, pressure,
dynamic viscosity of the nano-PCM, gravitational acceleration, coefficient of thermal expansion
of the liquid nano-PCM, temperature, melting temperature of the nano-PCM, thermal conductivity
of the nano-PCM, and specific heat at a constant pressure of the nano-PCM, respectively.
The thermophysical properties of the liquid and solid forms of the nano-PCM, which are available
in Eqs. (1) to (5), can be obtained from the following equations [25, 139]:
density of the nano-PCM: ρnf =(1-ϕ) ρf +ϕ ρn,

(6)

heat capacity of the nano-PCM: (ρ cp )nf =(1-ϕ)(ρ cp )f +ϕ (ρ cp )n ,

(7)

expansion coefficient of the nano-PCM: (ρ β)nf =(1-ϕ)(ρ β)f +ϕ (ρ β)n ,

(8)

latent heat of the nano-PCM: (ρ hf )nf =(1-ϕ)(ρ hf )f ,

(9)

viscosity of the liquid nano-PCM:  nf =

f

(1 −  )2.5

, and

kn +2kf -2ϕ(kf -kn )

thermal conductivity of the nano-PCM: knf = k

n +2kf +ϕ(kf -kn )

(10)
kf .

(11)

In Eqs. (6) to (11), ϕ, ρf , ρn , hf , kf , and kn are the volume fraction of the nanoparticles, the density
of the base PCM, the density of the nanoparticles, the latent heat of fusion of the base PCM, the
thermal conductivity of the base PCM, and thermal conductivity of the nanoparticles, respectively.
The thermophysical properties of the coconut oil and the CuO nanoparticles [109] are listed in
Table 4.1 for some selected temperatures. To validate the accuracy and uncertainty involved in
using the thermophysical property models, Eq. (6) to (11), these properties were directly measured
in the facilities at the Advanced Energy Conversion and Control Lab, the Bio-Innovation Research
Lab, and the Food Research Lab for temperatures ranging from 10 to 40oC. Measurements were
carried out for ϕ=0 to 1% as well. The thermal conductivity was measured using KD2 Pro and
TPS-500, which showed a maximum discrepancy of 5% with the modeled equation. Viscosity
was measured using both a Rotational Viscometer and a Vibration Viscometer, which showed a
maximum discrepancy of 2.5% with the modeled equation. The remaining properties (i.e. density,
specific heat, and heat of fusion) showed discrepancies within 1% of the modeled equations.
Density was measured directly using a DMA 35 Density Meter, while specific heat and heat of
fusion were measured using a Differential Scanning Calorimeter. The stability of the nano-PCM
was tested by periodically melting and solidifying some samples in a temperature-controlled bath.
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Additionally, selected samples of the nano-PCM were stored, and then tested after six months in
the lab environment. Negligible sedimentation was identified.
Table 4.1 Thermophysical properties of CuO [109] and coconut oil

Properties (units)
 (kg/m3)

CuO nanoparticles
[109]
6500.0

Coconut Oil (Measured)
Solid (15oC)
Liquid (32oC)
920
914

 (Pa.s)

---

---

0.0326

c p (kJ/kg K)

0.540

3.75

2.01

(W/m K)
 (1/K)

18.0

0.228

0.166

8.510-6

0.710-3

h f (kJ/kg)

---

103

Pr
Tm ( Tm )

---

394.73

---

24oC (1oC)

k

In subsequent sections, a scale analysis and numerical methods are applied to solve Eqs. (1) to (5)
using the following boundary and initial conditions:

horizontal walls (top and bottom):

T ( x,0,t )
y

=

T ( 0 , y ,t )
= q  ,
x
T ( L, y,t )
right vertical wall:
= 0, u = v = 0 ,
x

T ( x,L,t )
y

= 0, u = v = 0 ,

left vertical wall: − k nf

interface condition: T ( D, y,t ) = Tm , q  =  nf h f nf
initial condition: T ( x, y,0 ) = T0 , u= v= 0

(12)
D
, and
t

In Eq. (12), L, hfnf , D, and T0 represent the height of the enclosure, the latent heat of fusion of the
nano-PCM, the position of the liquid-solid interface from the left wall, and the initial temperature,
respectively.
The finite element method was used to numerically solve the governing equations (i.e. Eqs. (1) to
(5)) with the initial and boundary conditions in Eq. (12). A grid system of 26 484 triangular and
quadrilateral elements was formed in time steps of 0.1 s from the beginning of the simulation until
9 s, in 1 s time steps from 10 s to 99 s, and in 5 s time steps from 100 s to the end of the melting
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process. The solution algorithm was begun by assuming the initial values for the temperature,
velocity, and the pressure of the nano-PCM. The new values of the temperature, velocity, and the
pressure were then re-calculated. If the difference between the previous and the most recent values
was higher than the convergence criteria, the calculations were repeated; otherwise, the values
were confirmed. The selected convergence criteria were 10-3. A detailed description of the
numerical methods is available in [110], and is not repeated here.

4.3. Scale Analysis
In this section, a scale analysis is performed to identify the appropriate dimensionless numbers,
and to establish the functional relationships between these numbers in order to better understand
the melting process of the nano-PCM. The melting process passes through four qualitatively
predictable regimes, as shown in Fig. 4-1(c) to 4-1(f): (i) the conduction regime, Fig. 4-1(c)); (ii)
the mixed (conduction + convection) regime, Fig. 4-1(d); (ii) the pure convection regime, Fig. 41(e); and (iv) the shrinking solid (or variable height) regime, Fig. 4-1(f) [87]. The following
subsections detail the scale analysis for these regimes.
4.3.1. Conduction Regime
Conduction is the dominant mode of heat transfer at the beginning of the melting process.
Therefore, one can balance the amount of heat transfer flux, q̇ '', through the interface with the rate
of enthalpy absorbed, using
dx
(13)
dt
where 𝑞̇ ′′lat is the rate of the enthalpy absorbed at the interface per unit area, and h f nf is the latent
 =  nf h f nf
q  = q lat

heat of fusion of the nano-PCM. One can substitute the scaling parameter x ~ D into Eq. (13) to
obtain
D
.
(14)
t
After re-arranging Eq. (14), the thickness of the melted nano-PCM, D , can be expressed as
q  ~  nf h f nf

D~L(Ste×Fo)
(15)
where Ste is the Stefan number (Ste= q̇ ''cpnf L/knf h ), and Fo is the Fourier number,
fnf

(Fo=knf t/( ρ cp )nf L2), respectively. The term Ste×Fo is called the time group [87]. Equation (15)
concludes that the thickness of the melted portion of the nano-PCM in the conduction regime is
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proportional to L and (Ste×Fo). The nanoparticle volume fraction (ϕ) appears inside Ste×Fo
through the thermophysical property definitions. Therefore, any change in ϕ directly influences
the value of Ste×Fo, as well as the interface thickness D. For example, the specific heat and the
latent heat of fusion decrease with an increase in ϕ, while the density and the thermal conductivity
decrease. However, a reduction in the specific heat is smaller in comparison to a reduction in the
latent heat of fusion, which leads to a higher Ste. A similar conclusion can be achieved for Fo. In
conclusion, Ste×Fo increases with an increase in ϕ, which leads to an increase in the thickness,
D.
Nu in the conduction regime can be defined as [140]

Nu =

q L
k f ( Th − Tm )

(16)

T
x

(17)

where q̇ '' can be expressed as

q  = −k nf

.
x =0

Using the scaling parameters, T~( Th − Tm ), x~D, Eq. (17) becomes
q  ~ k nf

( Th − Tm )
.
D

(18)

Using Eqs. (15), (16), and (18), and after simplifications, the scale of Nu can be expressed as

Nu ~

k nf
kf

( Ste  Fo )−1 .

(19)

As can be observed from Eq. (19), Nu decreases with advancing time in the conduction regime.
As well, Eq. (19) reveals the increase in Nu due to the increase in the thermal conductivity of the
nano-PCM.
4.3.2. The Mixed (Conduction + Convection) Regime
With an advancement in time during the melting process, the upper part of the liquid nano-PCM
region started expanding due to the appearance of the convection current, while the lower portion
of the liquid nano-PCM was still dominated by conduction. As a result, the liquid-solid interface
of the nano-PCM was deformed. The deformation of the interface indicated the end of the pure
conduction regime.
Applying the scaling parameters x~δb and y~b to the continuity equation (Eq. (1)), and, one can
obtain the following relationship:
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u

b

~

v
.
b

(20)

Establishing a balance between the friction force and the buoyancy force in the y-momentum
equation and recalling that when Pr>1 [87] (for coconut oil Pr=394.73, Table 4.1) for the liquid
nano-PCM, one obtains after some re-arranging

v~

g(  )nf q b 3  b3
.
k nf  nf
b3

(21)

Similarly, applying the scale analysis to the energy equation in the liquid region of the nano-PCM
results in
v ~  nf

b

 b2

.

(22)

Combining Eqs. (21) and (22), the thermal boundary layer thickness in the upper convection region
can be expressed as
−

 b ~ b Rab

1
5

(23)

where Rab is the Rayleigh number based on the length scale b (Rab = g (ρ β)nf q̇ '' b4⁄knf μnf αnf ).
At the lower part of the convection region, the conduction-convection transition level scales as

b ~ D .

(24)

At this level, the convection effect disappears, and the conduction effect starts. Combining Eqs.
4

(15), (23), and (24), and knowing that Rab =( b⁄L ) Ra , results in a scale for the vertical height (b)
of the upper convection region

b ~ L ( Ste Fo )5 Ra

(25)

where Ra is the Rayleigh number based on the length scale L (Ra= g (ρ β)nf q̇ '' L4⁄knf μnf αnf ).
In the mixed regime, the total heat transfer rate per unit length can be calculated using the
convection over the height b and the conduction over L-b as
( T − Tm )
( T − Tm )
.
Q = k nf ( L − b ) h
+ k nf b h
D
b

(26)

Using Eq. (15) for the conduction region and Eq. (23) for the convection region, a scale of Nu in
the mixed regime can be expressed as

Nu ~

k nf
kf

( Ste Fo )

−1



+ ( Ste Fo )4 Ra .
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(27)

The heat transfer behavior in the liquid nano-PCM region in the mixed conduction-convection
regime is revealed in Eq. (27). Equation (27) combines the conduction and convection heat transfer
in the mixed conduction-convection regime. At the beginning of the mixed conduction-convection
regime, conduction is the dominant mode of heat transfer. Then as time progresses, the effect of
conduction decreases, and the effect of convection strengthens. The mixed (conduction +
convection) regime ends when z~L. Eq. (25) suggests that the end of the mixed regime occurs at
(Ste×Fo)1 such that

( Ste  Fo )1 ~ Ra

−

1
5

and Nu min ~

k nf
kf

Ra

1
5

(28)

4.3.3. The Convection Regime
When the deformed interface touched the lower surface of the enclosure, it indicated the beginning
of the pure convection regime. In this stage, the convection currents occupied the entire melted
nano-PCM region. The dimensionless Nusselt number in the convection regime can be defined by
the following equation assuming Pr>1

Nu =

hL
.
kf

(29)

By using a simple energy balance, the scale for the convection heat transfer coefficient (h) can be
expressed as
h~

k nf

T

,

(30)

which gives a scale for Nu in the convection regime

Nu ~

k nf
kf

1

Ra 5 .

(31)

Next, the focus is on the average interface distance (Dav ) in the convection regime as the interface
remains as a curvature throughout this regime. The total heat transfer rate at the interface is
q  ~  nf h f nf

dDav
.
dt

(32)

After using Eqs. (16), (31) and (32), the scale of the average melted nano-PCM thickness (Dav )
becomes
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1
5

(33)

Dav ~ L( Ste  Fo )Ra .

When Dav ~L, the convection regime ends. This event occurs, as suggested by Eq. (33), at a time
of order

( Ste  Fo )2 ~ Ra

−

1
5

(34)

.

4.3.4. The Shrinking Solid (or Variable Height) Regime
The fourth stage of melting (i.e. the shrinking solid or the variable height regime [87]) started after
the liquid-solid interface reached the top right corner of the enclosure, as shown in Fig. 4-2(d). The
heat transfer and melting rates affected the amount of remaining solid nano-PCM. It was assumed
that the cross section (l z) of the remaining solid nano-PCM takes the form of a triangle. The
hypotenuse of the triangle represented the liquid-solid interface of the nano-PCM. The base of the
triangle l was assumed to be fixed. Therefore, the dimensionless height of the remaining solid (z̅ =
z⁄L) can be calculated as
1

z 5 ~ 1−

1

L
Ra 5 ( Ste  Fo ) − ( Ste  Fo )2  .
l

(35)

Equation (35) suggests that the height of the remaining solid nano-PCM deceases beyond the time
of scale (Ste×Fo)2 . If z L  1 , the melting process is completed at a time of order (Ste×Fo)3 .
Equation (35) can be written as

( Ste  Fo )3 − ( Ste  Fo )2  ~

l
Ra
L

−

1
5

.

(36)

In some cases, during the fourth stage of the melting process, a similar reduction rate of l and z
is assumed. In this case, the dimensionless height of the remaining solid nano-PCM z is expressed
as
5

1
 L
6
z ~ 1 − Ra 5 ( Ste  Fo ) − ( Ste  Fo )2  .
l



(37)

The full melting stage, Eq. (37) can be written as

( Ste  Fo )3 − ( Ste  Fo )2  ~ Ra

−

1
5

.

For the shrinking solid nano-PCM regime, the Nu scale can be expressed as
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(38)

2

1
k nf 
3
5
(( Ste  Fo ) − ( Ste  Fo )2 ) Ra
Nu ~
1
−
Ra

kf 


1
5

(39)

.

Equation (39) suggests that Nu drops with an increasing Ra as the liquid-solid interface touches
the right wall.
A summary of the equations, derived from the scale analysis, is reported in Table 4.2.
Table 4.2 Summary of the scale analysis equations for the four melting stages of the nano-PCM

Melting
stage
Conductio
n limit

D ~ L(Ste  Fo)

The mixed
regime

b ~ L (Ste  Fo ) Ra

The
convection
regime
Variable
height
region

Average interface distance and height

Nusselt number (Nu)

Nu ~
5

Dav ~ L( Ste  Fo )Ra

Nu ~
1
5

Nu ~
5

k nf
kf
k nf
kf
k nf
kf

( Ste  Fo )−1

 (Ste Fo)
Ra

4

Ra + (Ste  Fo )

−1



1
5

2

1
 L 1
6
3
knf 
5
(( Ste  Fo ) − ( Ste  Fo )2 ) Ra
1
−
Ra
z ~ 1 − Ra 5 ( Ste  Fo ) − ( Ste  Fo )2  Nu ~

kf 

 l


1
5

4.4. Results and Discussion
In the previous sections, the dimensionless Nusselt numbers and interface distances were identified
by applying a scale analysis to the governing mass, momentum, and energy equations. This section
is devoted to presenting the results obtained from the numerical solutions of the governing
equations. A numerical technique is applied to investigate the detailed transport characteristics of
a nano-PCM (CuO nanoparticles dispersed in a coconut oil PCM) during the melting process inside
an enclosed space. A detailed description of the numerical technique was presented in Mahmud
and Pop [110].
A constant heat flux boundary condition was applied to the left vertical wall of the enclosed space,
while the remaining walls were kept thermally insulated. A numerical simulation was carried out
for the nanoparticle volume fraction range, 0% ≤ ϕ ≤ 4%, and the Rayleigh number range, 104
≤ Raϕ=0% ≤108.
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It should be noted that two definitions of (Ste×Fo) and Ra were used in this work based on the
thermophysical properties used for the definitions:
(i) (Ste×Fo)ϕ=0% and Raϕ=0% are based on the thermophysical properties of a base PCM (i.e. the
thermophysical properties when no nanoparticles are added to the PCM).
(ii) (Ste×Fo)ϕ and Raϕ are based on the thermophysical properties of a nano-PCM. For example,
the definition of Raϕ=2% includes the thermophysical properties of a nano-PCM at ϕ= 2% loading.
4.4.1. Progression of the Melting Process at Ra=0%= 105 and ϕ=2%
The progression of the melting process of a nano-PCM over time, using flow and thermal field
plots at Raϕ=0%= 105, and a volume fraction of 2%, is presented in Fig. 4-2(a) to 4-2(f). The flow
field in the liquid nano-PCM region is represented by velocity vectors, while the thermal fields in
the liquid and the solid regions are represented by isothermal flood-contour plots. The blue region
represents a solid nano-PCM, while the colored region represents a liquid nano-PCM. It should be
noted that a change in ϕ alters the magnitudes of the thermophysical properties of the nano-PCM,
Eqs. (6) to (11). Such changes in the properties subsequently alter the values of the Rayleigh
numbers even though the thermophysical properties of the base PCM remained constant. It was
observed that the value of Raϕ=0% was reduced with an increasing  . For example, Raϕ=0%= 105
when ϕ= 0%, Raϕ=3%= 78967 (21.03% reduction) when ϕ= 3%, and Raϕ=5%= 67463 (32.54%
reduction) when  = 5%. Therefore, a 6.08% increase in the dimension of the enclosure when
ϕ=3%, and a 10.34% increase in the dimension when ϕ= 5%, are required to maintain Raϕ=0%=
105. To handle this issue, the dimension of the enclosure was adjusted to achieve the same Rayleigh
number at higher values of ϕ.
Additionally, the magnitude of the liquid fraction was presented in each individual image title.
Initial and boundary conditions are given in Eq. (12). The phase change material used in this work
has a melting point of Tm = 24oC with a temperature transition of Tm = 1oC (approximately) during
melting; therefore, a mushy zone appeared for approximately a 2oC temperature difference, i.e.
from 23oC to 25oC. The liquid fraction ( LF ) in this study was calculated by applying an area
integration technique over the total domain of the enclosure using the temperature constraint
T ≥( Tm − ∆Tm ). Therefore, the calculated areas will be zero for the elements where
T<( Tm − ∆Tm ), i.e. in the area representing the solid or semi-solid, or non-zero where T ≥( Tm −
∆Tm ), i.e. in the area representing the liquid.
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The solid nano-PCM was assumed to be initially at its melting temperature (i.e. no sub-cooling)
inside the enclosure. The melting process started after a constant heat flux thermal source was
applied to the left wall of the enclosure. Shortly after the initiation of the melting process, the
liquid-solid interface appeared. It was parallel to the vertical wall of the enclosure, as can be seen
from Fig. 4-2(a) for (Ste×Fo)ϕ=2% = 0.05. Such an interface indicates that conduction is the
dominant mode of heat transfer within the liquid nano-PCM region. As the time advanced, the
liquid-solid interface started to deform and the liquid nano-PCM region became wider at its upper
part, as can be seen in Fig. 4-2(b) for (Ste×Fo)ϕ=2% = 0.13. The deformation of the interface at the
top, and the semi-straightness at the lower part of the liquid-solid interface revealed the existence
of the mixed conduction-convection regime. As the energy transfer at the left wall continued, the
deformation of the liquid-solid interface increased further as shown in Fig. 4-2(c). The warm liquid
nano-PCM, which was adjacent to the hot vertical wall, first moved in an upward direction and
then moved horizontally along the upper adiabatic wall of the enclosure. The thermal energy,
carried by the hot liquid nano-PCM, penetrated gradually into the solid nano-PCM through the
interface during the downward motion of the liquid nano-PCM. Because of the thermal
stratification effect, the warmest liquid nano-PCM occupied the upper portion of the liquid nanoPCM region. Therefore, the interface energy transfer rate gradually decreased in a downwards
direction along the interface. The melting rate was therefore higher in the upper portion and
gradually slowed along the downward direction of the interface, which resulted in a wider liquid
region at the top of the liquid nano-PCM region as shown in Fig. 4-2(c). As heating was continued
further, the liquid-solid interface moved until it reached the top right corner of the enclosure as
shown in Fig. 4-2(d). Beyond this point, the height of the solid nano-PCM will not remain fixed
during the subsequent melting process. This last stage of melting is typically referred to as the
variable height or shrinking solid regime [87]. Figure 4-2(e) reveals the case of a variable height
melting regime in which the melting rate of the remaining solid nano-PCM is higher at the top of
the liquid-solid interface than at the bottom. At a particular time, the melting process will be
completed, as seen in Fig. 4-2(f), and the remaining liquid nano-PCM will be heated up sensibly
until it reaches a thermal equilibrium.
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(a) (Ste×Fo)ϕ=2% =0.05 (300 s), LF=4.0%

(b) (Ste×Fo)ϕ=2% =0.13 (900 s), LF=23.7%

(c) (Ste×Fo)ϕ=2% = 0.22 (1500 s), LF=38.8%

(d) (Ste×Fo)ϕ=2% = 0.39 (2555 s), LF=65.6%

(e) (Ste×Fo)ϕ=2% = 0.42 (2800 s), LF=73.7%

(f) (Ste×Fo)ϕ=2% = 0.57 (3860 s), LF=100%

Figure 4-2 Time evolution of flow and thermal fields for the nano-PCM (CuO nanoparticles dispersed in a
coconut oil PCM) at Raϕ=0% = 105 and ϕ= 2% for (Ste×Fo)ϕ=2% = (a) 0.045, (b) 0.13, (c) 0.22, (d) 0.37, (e) 0.42,
and (f) 0.57

The transient temperature variations at nine specified locations in the hot vertical wall are plotted
in Fig. 4-3 for Raϕ=0%= 105 and ϕ= 2%. In the same graph, the average temperature of the hot
vertical wall is plotted as a function of time. In the conduction regime, the magnitudes of the hot
wall temperatures were the same at all specified vertical locations and increased linearly with time
as the heat input continued. The gradual appearance of boundary layers altered this pattern in the
transition regime of melting, in which the linear variations in temperature with time were still
visible; however, the magnitude of temperature was higher at the higher locations on the hot wall.
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Throughout the convection regime, where boundary layers extended from the top to the bottom
wall, insignificant variations in the hot wall temperatures with time were observed. This trend
continued in the shrinking solid regime. Finally, temperatures at all locations on the hot wall
increased linearly when the entire enclosure was occupied by the liquid nano-PCM.
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Figure 4-3 Transient temperature variations at eleven equidistant locations along the left vertical wall of the
enclosure

4.4.2. The Effect of the Volume Fraction (ϕ) on the Melting Process at Ra=0%= 104
The effect of the nanoparticle volume fractions on the melting process of the nano-PCM inside the
enclosure is presented in Figs. 4-4(a) to 4-4(c) at Raϕ=0% = 104. Three arbitrarily selected volume
fractions (ϕ= 0%, 2%, and 4%) were studied for three selected dimensionless times, (Ste×Fo)ϕ =
0.08, 0.27, and 0.48. The idea behind selecting these times was to cover all the melting regimes.
Again, velocity vectors were selected to present the flow field inside the liquid nano-PCM region,
while isothermal floods were used to describe the thermal fields inside both the liquid and solid
nano-PCM regions. The progression with time at a specific volume fraction for the flow and the
thermal fields are exhibited from left to right in Fig. 4-4, while the impact of the volume fraction
at a specific time is exhibited from the top to the bottom of the graph in Fig. 4-4. The physics
behind the melting process and developing different melting regimes was described elaborately in
the previous section and will not be repeated again while describing Fig. 4-4. The dimension of
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the enclosure was adjusted to keep Raϕ=0%= 104 at all considered ϕs in Fig. 4-4 (see the discussion
in the previous section). Due to this adjustment, the volume of the enclosure increased by 3.09%
and 6.97% for ϕ=2% and ϕ=4%, respectively.
At the early stage of the melting process, i.e. (Ste×Fo)ϕ = 0.08, the appearance of the vertical
liquid-solid interface indicated the existence of the conduction regime of melting for three selected
ϕs. The temperature dropped linearly from the isoflux wall to the solid-liquid interface while
maintaining a uniform heat transfer rate from the top to the bottom of the enclosure. Dispersing
more nanoparticles had a small impact on the melting process in this regime, which can be
observed from the small improvement in the liquid fraction available in Fig. 4-4(a). Such an
enhancement in the melting rate at this stage was due to the higher thermal conductivity and lower
latent heat of fusion at the higher ϕ.
At the middle stage of the melting process, i.e. (Ste×Fo)ϕ = 0.27, convection dominates, as seen in
Fig. 4-4(b). The appearance of boundary layers and the circulatory motion of the liquid nano-PCM
was clearly visible for all three selected ϕs. A considerable improvement in the melting process
was observed at a higher ϕ. The dispersion of more nanoparticles increased the viscosity, density,
and specific heat while reducing the thermal diffusivity of the nano-PCM. However, the increase
in viscosity was comparable to the increase in thermal conductivity. For example, adding 2% more
nanoparticles increased the viscosity and thermal conductivity by 4.9% and 5.6%, respectively.
Therefore, an increase in the density and thermal conductivity, and a decrease in the thermal
diffusivity of the nano-PCM, enhanced the natural convection heat transfer during the melting
process of the nano-PCM, in which melting was dominated by convection.
The variable height (or shrinking solid) melting regime appeared at (Ste×Fo)ϕ = 0.48 for all three
selected ϕs. A large amount of liquid nano-PCM, having a temperature over its melting point,
circulated over a small amount of shrinking solid nano-PCM, and transferred thermal energy to
melt it further. Dispersing more nanoparticles had a considerable impact on the melting process in
this regime, which can be observed from the improvement in the liquid fraction available in Fig.
4-4(c).
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ϕ

0%

(Ste×Fo)ϕ=0% = 0.08 (300 s)
LF=7.57%

(Ste×Fo)ϕ=0% = 0.27 (1000 s)
LF=42.80%

(Ste×Fo)ϕ=0% = 0.48 (1800 s)
LF=84.74%

(Ste×Fo)ϕ=2% = 0.08 (300 s)
LF=7.85%

(Ste×Fo)ϕ=2% = 0.27 (1020 s)
LF=44.46%

(Ste×Fo)ϕ=2% = 0.48 (1820 s)
LF=86.39%

(Ste×Fo)ϕ=4% = 0.08 (320 s)
LF=8.05%
(a)

(Ste×Fo)ϕ=4% = 0.27 (1040 s)
LF=49.10%
(b)

(Ste×Fo)ϕ=4% = 0.48 (1850 s)
LF=93.10%
(c)

2%

4%

Figure 4-4 Flow and thermal fields for a nano-PCM at different volume fractions (ϕ= 0%, 2%, and 4%) and
Raϕ=0% =104 for (Ste×Fo)ϕ = (a) 0.08, (b) 0.27, and (c) 0.48

4.4.3. Heatlines
The heatline visualization technique, pioneered by Kimura and Bejan [104], is an effective way to
visualize the energy flow in many convection heat transfer problems since a complete energy flow
picture is difficult to achieve by observing isothermal lines, velocity vectors and streamlines.
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Although the heatline visualization technique has been successfully applied to many convection
heat transfer problems, its use in phase change heat transfer problems is extremely limited.
Therefore, the authors used the heatline visualization technique in this study to describe and clarify
any further energy flow during the melting process of a nano-PCM inside the selected enclosure
under isoflux boundary conditions. For the present work, heatlines are plotted using the values of
the heatfunction (H), which is obtained by solving the following equation [90]
2H 2H
 
T   
T 
+
=
 nf c p nf u T − k nf
−
 nf c p nf v T − k nf

2
2


y 
x x 
y 
x
y




= Ex

(40)

=Ey

where Ex and Ey represent the net energy flow in the x -direction and the y -direction, respectively
[90]. Note that each energy flow component (Ex or Ey ) in Eq. (40) is composed of two fluxes: (i)
the conduction energy flux (i.e. −knf T  x or − knf T  y ); and (ii) the convection energy flux
(i.e.  nf c p nf u T or  nf c p nf v T ). As seen in [90], the following boundary condition is applied
to solve the differential equation in Eq. (40)
P, b

H P, b = H ref, b +

 E . nˆ ds

(41)

b

ref, b

where dsb is the differential boundary segment, n̂ is the surface normal, and E (= Ex ̂i + Ey ̂j) is the
energy flux density vector, respectively. The symbols b, ref, and P address a value at the boundary,
a reference value, and a point at a particular location on the boundary, respectively. The following
conditions are applied to ensure the continuity in energy flow at the solid-liquid interface:

 H 
 H 
=
and (H )liquid nano− PCM = (H )solid nano− PCM



 n̂ liquid nano− PCM  n̂  solid nano− PCM

(42)

Heatlines are presented in Fig. 4-5(a) to 4-5(c) for three selected (Ste×Fo)ϕ values equal to 0.03,
0.16, and 0.37, and a ϕ equal to 0%, 2%, and 4% at a constant Raϕ=0%= 106. The presented results
covered all four regimes of the melting process of the nano-PCM inside the enclosure. Again, the
selections of ( Ste  Fo ) , ϕ, and Raϕ=0% were arbitrary. At the beginning of the melting process of
the nano-PCM, i.e. (Ste×Fo)ϕ = 0.03, the heatlines originated from the left vertical wall and
remained in a parallel horizontal lines pattern. This is observed in Fig. 4-5(a) for all three ϕs as
they crossed the solid-liquid interface, and finally terminated in the solid nano-PCM region, which
acted as a sink in this case. Conduction energy fluxes dominate significantly over the convection
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energy fluxes at (Ste×Fo)ϕ = 0.03 and, because of the three insulated walls other than the left
vertical wall, −knf T  x  −knf T  y . Therefore, the horizontal straight-line patterns of
heatline appeared, which again revealed that conduction was the dominant mode of heat transfer
during the initial period of the melting process. Suspending metallic nanoparticles into the PCM
had a small impact on the heatline pattern in the conduction regime, as observed from Fig. 4-5(a).
The appearance of the convection regimes for all the studied volume fractions was observed from
the appearance of both the non-horizontal and closed loop heatlines in Fig. 4-5(b), in which the
heatlines are plotted at (Ste×Fo)ϕ = 0.16. Note that heatlines can be termed as ‘free’ if they
originate from a source and terminate in a sink, while they can be termed as ‘trapped’ if they form
a closed looped pattern inside one or more regions. At (Ste×Fo)ϕ = 0.16, the dominance of the
convection energy fluxes was comparable to the conduction fluxes inside some parts of the
enclosure and, in some cases, this dominance was significant. All free heatlines originated from
the left vertical wall, then curved in an upward direction inside or near the region where the
boundary layer formation was distinct and the vertical convection heat flux (i.e.  nf c p nf v T ) was
dominant. They then passed horizontally through a narrow corridor at the top of the liquid nanoPCM under the strong influence of the horizontal convection flux (i.e.  nf c p nf u T ), and
penetrated through the liquid-solid interface. From the interface, the free heatlines passed through
the solid nano-PCM unit until they terminated. Beyond the boundary layer regions inside the liquid
nano-PCM region, trapped heatlines were observed in which both the conduction and convection
energy fluxes were comparable. Similarly, a pattern was also observed for (Ste×Fo)ϕ = 0.37, Fig.
4-5(c), in which the melting process was inside its variable height (or shrinking solid) regimes
with a larger liquid nano-PCM region compared to the solid nano-PCM region. The only
characteristic difference at this stage when compared with the convection regime was the size of
the trapped heatlines, which was much larger.
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ϕ

0%

(Ste×Fo)ϕ=0% = 0.03, (360 s)

(Ste×Fo)ϕ=0% = 0.16, (1900 s)

(Ste×Fo)ϕ=0% = 0.37, (4330 s)

(Ste×Fo)ϕ=2% = 0.03, (370 s)

(Ste×Fo)ϕ=2% = 0.16, (1940 s)

(Ste×Fo)ϕ=2% = 0.37, (4420 s)

(Ste×Fo)ϕ=4% = 0.03, (380 s)
(a)

(Ste×Fo)ϕ=4% = 0.16, (1970 s)
(b)

(Ste×Fo)ϕ=4% = 0.37, (4500 s)
(c)

2%

4%

Figure 4-5 Heatlines and thermal fields for the nano-PCM for different times at Raϕ=0% = 106 for three values
of volume fractions (0%, 2%, and 4%) and (Ste×Fo)ϕ=0% = 0.03, 0.16, and 0.37

4.4.4. The Nusselt Number and the Liquid Fraction
The dimensionless Nusselt number Nu can be used to calculate the heat transfer from the left wall
as defined in Eq. (16). Figure 4-6 shows the impact of adding nanoparticles on the Nu at Raϕ=0%=
105 and 107 for four different volume fractions (ϕ= 0%, 2%, 4%, and 5%). The beginning of the
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melting process, where conduction dominated, was characterized by high Nu values due to the
high temperature gradient between the hot wall and the cold nano-PCM. As the conduction regime
thickness increased with ongoing heating, the Nu dropped sharply due to a decrease in the
temperature difference between the hot wall and the adjacent nano-PCM. As with the melting
process in the mixed conduction and convection regime, the Nu profile was dominated by two
competing asymptotes: (i) an increasing profile in the upper convection dominated region which
was proportional to (Ste×Fo)4 Ra; and (ii) a decreasing profile in the lower conduction dominated
region which was proportional to (Ste×Fo)-1. The appearance of convection in the upper region is
a result of the wide liquid region in its upper part when compared to the lower part of the liquid
region. In the wider liquid region, the buoyancy force is dominant over the viscose force, thus
establishing a motion in the liquid nano-PCM. Therefore, in a narrow region of time, Nu showed
a concave profile with a minimum of Numin. In the convection regime of melting, Nu maintained a
constant value which was independent of time. Finally, in the shrinking solid regime, Nu gradually
dropped to a minimum at which point the melting process was entirely completed. An increasing
ϕ improved the value of Nu and, alternatively, higher values of the convection heat transfer
coefficients (h) as h = Nu ( knf L ) .
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Figure 4-6 The impact of ϕ on Nu at (a) Raϕ=0% = 105 and (b) Raϕ=0% = 107
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Figure 4-7 shows the impact of adding nanoparticles on the liquid fraction at Raϕ=0%= 105 and 107
for four different volume fractions (ϕ= 0%, 2%, 4%, and 5%). As discussed in Section 4.1, the
liquid fraction was very small or zero until the temperature at the hot wall reached Tm + Tm .
Beyond this point, the liquid fraction increased steadily as time advanced and the profiles were
similar for all volume fractions considered. Note that the size of the enclosure was larger, i.e.
contained more nano-PCMs, at higher volume fractions to keep the Rayleigh number the same, as
discussed in Section 4.4.1. Therefore, it took slightly longer in real time to complete the melting
process for the case of higher volume fractions.
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Figure 4-7 The impact of ϕ on the liquid fraction at (a) Raϕ=0% =10 and (b) Raϕ=0% =107
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The impact of Raϕ=0% on Nu is shown in Fig. 4-8(a). Six values of Raϕ=0% (103, 104, 105, 106, 107,
and 108) were studied at ϕ= 2%. By increasing Ra, the effect of convection increased due to the
increase in the buoyancy force. As a result, Nu also increased. The behavior of Nu was similar to
that when changing the volume fraction except at Raϕ=0% = 108. After a reduction in the Nu in the
conduction regime, an increase in the Nu was observed. This increase represents the mixed
conduction-convection regime where the impact of convection starts, as predicted by Eq. (27).
Observing the trends in the variation of Nu with (Ste×Fo), and using the method described in Jany
and Bejan [87], a general correlation of the Nusselt number can be established using the scaling
results available in Table 4.2 for the first three regimes of melting. This general correlation is
shown below:
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(43)

where c0, c1, c2, and n are the correlation coefficients and can be identified by curve fitting. It
should be noted that the exponent n should be a negative number as discussed in Jany and Bejan
[87]. For the limiting cases of (Ste×Fo), the proposed correlation can be reduced to forms already
available in Table 4.2. For example, in the upper limit, i.e. (Ste×Fo)→∞, Eq. (43) approaches the
scaling relationship obtained for the third melting regime
Nu = c1

k nf
kf

1
5

Ra .

(44)

The constant c1 can be obtained by fitting Nu asymptotes in the convection regime with

Ra .

Similarly, in the lower limit, i.e. (Ste×Fo)→0, Eq. (43) approaches the scaling relationship
obtained for the first melting regime
Nu =

k nf
kf

( c0 Ste  Fo )−1 .

(45)

The constant c0 can be obtained by fitting Nu asymptotes in the conduction regime with (Ste×Fo).
5
Finally, in the limit of (Ste×Fo)→(Ste×Fo)1 ~Ra-1
ϕ , Eq. (43) approaches the Numin scaling
⁄

relationship obtained in Eq. (28). The remaining task is to determine the two unknown coefficients
c2 and n through curve fitting.
Figure 4-8(b) shows the liquid fraction as a function of time at ϕ=2% for six different values of
Raϕ=0% (103, 104, 105, 106, 107, and 108). The liquid fraction profiles at all Raϕ=0%s showed a linear
increase with time until the end of the melting process where some non-linearity appeared. As
expected, the magnitude of the liquid fraction is higher at higher values of Raϕ=0% due to the
stronger convection effect except at Raϕ=0%=103, where melting is mostly dominated by
conduction.
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Figure 4-8 The impact of Raϕ=0% at ϕ= 2% on (a) Nu and (b) the liquid fraction

4.4.5. Energy Stored
The rate of energy stored per unit depth of the enclosure was calculated and presented in Fig. 4-9
for three different values of the volume fractions of the nanoparticles. The energy stored, E, could
be calculated as
t

E =  Q ( t ) dt

(46)

0

where Q̇ (t) could be found from
T ( 0, y ,t )
Q ( t ) =  − k nf
dy
x
0
L

(47)

In Fig. 4-9, a Rayleigh number of 106 is selected, while both definitions of Rayleigh numbers (i.e.
based on the thermophysical properties of the base PCM and the nano-PCM, Raϕ=0%and Raϕ ) are
used for further discussion. For the considered base Rayleigh number (i.e. Raϕ=0% = 106), a
transient variation in the stored energy was tested for three volume fractions (i.e. ϕ= 0, 3, and 5%).
As discussed earlier, the size of the enclosure remained the same with a change in ϕ as the Rayleigh
number was defined based on the base properties. It is observed from Fig. 4-9 that the amount of
stored energy increased as the time advanced during the melting process. As mentioned earlier,
the boundary condition applied to the left vertical wall is an isoflux boundary condition, while the
remaining walls are insulated. Therefore, the temperature of this wall increased gradually from its
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initial value after the introduction of the constant heat flux at t=0 sec. As a result, a small amount
of energy was stored at the very beginning of melting. This can be observed clearly from the
magnified view of the E-t plot posted at the upper left corner of Fig. 4-9. Beyond this point, a
gradual increase in the energy storing rate was observed. The rate of energy stored was initially
high in the conduction dominated melting zone, which can be confirmed from the high slope of
the profile at this stage. A slight change in the slope of the E-t curves is an indication of the
transition (i.e. the conduction + convection) melting zone. Beyond this point, the E-t curves exhibit
a linear increasing trend as time advances further through the subsequent regimes of melting (i.e.
the transition regime and convection with a shrinking solid regime). Initially, the rate of energy
storage inside the large amount of solid nano-PCM depends on its specific heat capacity, i.e.
( 𝜌 𝑐𝑝 )ns . For the considered range of ϕ, any change in ( 𝜌 𝑐𝑝 )ns with a change in ϕ is very small.
For example, a change in ϕ from 0% to 5% results in a 0.06% increase in ( 𝜌 𝑐𝑝 )ns . Therefore, a
very small variation in the E-t profiles is observed with a changing ϕ in the conduction regime of
melting. In the transition and convection regimes with a shrinking solid regime, the energy storage
rate depends on the relative magnitudes of the specific heat capacities, i.e. both ( 𝜌 𝑐𝑝 )ns and
( ρ cp )nf increase with ϕ, and the latent heat capacity of the nano-PCM, i.e. ( ρ cp )nf decreases with
ϕ. Overall, increasing ϕ slightly decreases the total energy stored inside the enclosure given that
the size of the enclosure is unchanged, i.e. the Rayleigh number is defined at the base properties.
As discussed earlier, the size of the enclosure was adjusted with the changing ϕ in order to keep
the Rayleigh number constant when it was defined based on the properties of the nano-PCM.
Figure 4-9 shows two additional E-t profiles at Raϕ=3% and Raϕ=5%. The enclosure at Raϕ=3% and
Ra =5% could store more energy than the enclosure at Raϕ=0% because of the larger size of the

enclosure.
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Figure 4-9 Energy stored rate per unit depth of the enclosure at different values of the nanoparticles volume
fractions at Raϕ=0% =106, Raϕ=3% =106, and Raϕ=5% =106

The effect of the Rayleigh number on E-t profiles is shown in Fig. 4-10 for a given ϕ (5%). More
energy can be stored at higher Rayleigh numbers, which is expected as the size of the enclosure
was higher at a larger Rayleigh number. The stored energy kept increasing with time, which was
more pronounced at the highest Rayleigh number as the temperature of the wall kept increasing
due to the constant heat flux boundary condition. The difference in energy stored with the Rayleigh
number was less during the beginning of the melting. As melting reached the convection
dominated regime, a larger difference was observed due to increased melting with the Rayleigh
number in the convection regime.
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Figure 4-10 Energy stored rate per unit depth of the enclosure at three different values of Raϕ=5% (105, 106,
and 107) at ϕ=5%
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4.5. Experimental Work
An experimental investigation was conducted to visualize the melting process of a base PCM
(coconut oil) and a nano-PCM (CuO nanoparticles dispersed in a coconut oil PCM). The
thermophysical properties of the coconut oil and CuO are listed in Table 4.1. The experimental rig
is shown in Fig. 4-11. A rectangular enclosure was made of acrylic with dimensions of 7.2 cm 
6.2cm  5 cm. One side of the enclosure was covered with an aluminum lid to fix a heater on it. A
2.54 cm  2.54 cm electrical heater (Omega LUX- SRFG-202/10-P) with a resistance of 341.7 
was used to supply a constant heat flux. A variable transformer was used to control the electric
power supplied to the heater. The heater was fixed on one of the enclosure’s vertical surfaces.
Three J-type thermocouples were fixed inside the aluminum lid. Two of them were 0.266 cm from
the left and bottom edges of the lid; each was 0.01 cm from the inner and outer surfaces of the lid,
respectively, and 0.043 cm apart. The third J-type thermocouple was fixed 0.266 cm from the right
edge of the lid and 0.01 cm from the inner surface of the lid.
For the visualization experiment, 1 gm of CuO nanoparticles was dispersed in 250 ml of liquid
coconut oil at 30oC. A selected combination of CuO and coconut oil resulted in 0.4338 wt. % and
 =0.0615 %, respectively. This selection was completely arbitrary as the main intention of this

experiment was to observe the melting process of a PCM and a nano-PCM at different wall heat
flux conditions and also to avoid any sedimentation. A magnetic stirrer (Thermo Fisher Scientific,
Model No: SP88854100) was used continuously for 8 hours to disperse the CuO nanoparticles in
the liquid coconut oil. The temperature was fixed at 30oC to maintain the coconut oil as a liquid
during mixing. The accuracy of the thermocouples was  1.1oC. The relative uncertainty of the
temperature measurement was  4.0% and for the variable transformer it was 5%. For more
details see Table 4.3.

Table 4.3 Uncertainty analysis of the measurement devices

Sensors and
equipment

Accuracy, U c

J-type thermocouples

± 1.1 °C

DAQ system

± 0.02 °C

Measured value ( x )
Tmax = 50 oC
Tmin = 20 oC
Tmax = 50 oC
Tmin = 20 oC
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Relative uncertainty
(Uc / x )
±2.2 %
±5.5 %
±0.04 %
±0.1 %

The uncertainty of the temperature measuring set can be calculated using the root-sum-squared
method [141]
U
U e =  t
 Xt

2

  Ud 
 + 

X
d
 


2

(48)

where Ue, Ut, Ud, Xt, and Xd represent the relative uncertainty of the experiment, the accuracy of
the DAQ system, the accuracy of the thermocouple, the value measured by the DAQ system and
the value measured by the thermocouple, respectively. As a result, the uncertainty of the
temperature measurement experiment was defined as ± 5.5 %, i.e. ±2.75°C for the maximum
measured temperature, and ±1.1°C for the minimum measured temperature.
Note that the experimental set up had provisions to handle the expanding nano-PCM while it was
melting. This was accomplished by three vents installed at the top of the enclosure. As well, the
nano-PCM was poured inside the enclosure layer by layer, allowing each layer to solidify first
before pouring in another layer. Additionally, precautionary measures were taken during the
preparation of the nano-PCM to remove trapped air by vacuum degasification. Nevertheless, small
air bubbles (or a small void at the top) were sometimes observed, which was unavoidable.
However, the authors repeated the selected experiments, and the discrepancies between these
experiments and those with otherwise identical conditions were identified as being negligible.
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Figure 4-11 The experimental set up for the visualization (1- laptop, 2- camera, 3- DAQ, 4- enclosure, 5insulation, 6- variable transformer, and 7- frame)

Figure 4-12 shows an experimental comparison of the melting processes between the base-PCM
and the nano-PCM (0.4338 wt. %, ϕ= 0.0615 %) at three different applied heat fluxes (i.e. q̇ ''=
1020, 1814, and 2835 W/m2). Five different times (i.e. 0, 1200, 2400, and 3120 s) were selected
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to cover the different stages of the melting process. A comparison between the experimental and
numerical results is shown in Fig. 4-12. The numerical results were based on the same boundary
and initial conditions. The images represent the experimental results, while the dotted lines
represent the numerical results. A fair agreement was observed. It is observed from Fig. 4-12 that
increasing the applied heat flux increases the melting rate for both the base-PCM and the nanoPCM. For each case of applied heat flux, the melting process of the nano-PCM was faster than the
base-PCM, which qualitatively matches the findings in the scale analysis and the numerical
simulation. The corresponding liquid fractions for both the base-PCM and the nano-PCM are
plotted in Fig. 4-13. The liquid fraction was calculated using a subsequent image analysis from the
experimentally obtained images. The uncertainty of the liquid fraction calculation due to this
process is 0.5%.
Results presented in Fig. 4-13 also confirm that for the nano-PCM, the melting rate is faster than
the base-PCM for an applied heat flux. An increase in the applied heat flux improved the melting
rate further. The observed results confirmed the positive impact of the nanoparticles on improving
the melting process. The melting process was clearly accelerated by enhancing the PCM with
nanoparticles.
Figure 4-14 shows the temperature of the base-PCM and the nano-PCM inside the enclosure on
the surface of the lid. Three different heat flux rates were applied (q̇ ''= 1020, 1814, and 2835
W/m2). For q̇ ''= 1020 and 1814 W/m2, the temperature of the PCM is higher than that of the nanoPCM starting from the beginning of the melting process to a time during melting. For q̇ ''= 2835
W/m2, the temperatures of both the PCM and the nano-PCM were close. For all studied heat fluxes,
at some time during the melting process, the nano-PCM became warmer than the PCM. Increasing
the thermal conductivity of the PCM by adding nanoparticles enhances the heat transfer rate, which
increases the temperature of the thermal storage, as shown in Fig. 4-14.
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Figure 4-12 Comparison of the experimental and numerical results of the melting process between the base
PCM and the nano-PCM (0.4338 wt. %,  = 0.0615 %) for q̇ ''= 1020 W/m2 (Raϕ=0.0615% = 3.59108), 1814
W/m2 (Raϕ=0.0615% = 6.38108), and 2835 W/m2 (Raϕ=0.0615% = 9.97108). The images show the experimental
results, while the dotted lines represent the numerical results
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Figure 4-14 Temperature (experimental result) on the surface of the lid inside the enclosure throughout the
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4.6. Conclusion
The thermal performance of an active wall thermal energy storage (AW-TES) system was
investigated. Scale analysis and heatline techniques were performed to inspect different melting
regimes during the melting process of a nano-PCM. To represent the energy storage geometry, a
rectangular enclosure with one isoflux wall and three insulated walls was selected. To form a nanoPCM, CuO nanoparticles were added to coconut oil. The following conclusions were made:
•

The liquid-solid interface shape signified the stage of the melting process. The conduction
limit was indicated by a vertical flat interface. The mixed conduction-convection regime
was indicated by a deformation in the upper part of the interface, while the remaining part
of the interface was vertical flat. The convection regime was indicated by a deformation in
the entire interface.

•

The value of Ra played a key role in deciding the melting stage at a specific time. At a low
value (Raϕ=0%= 104), conduction was dominant. At higher values, (Raϕ=0%), the buoyancy
force strengthened, which caused natural convection to be dominant.

•

Scale analysis successfully predicted the numerical and experimental results. This could
be observed through both the melted area thickness behavior during the melting process,
and the trend in the Nu for the studied volume fractions and Ra.

•

In the conduction limit, the heatlines were free, straight lines, because all the supplied
thermal energy melted the solid nano-PCM. After melting occurred and a liquid nano-PCM
appeared, a portion of the supplied energy melted the remaining solid nano-PCM, and
another portion heated the liquid nano-PCM. The heatlines were free in the first region and
trapped in the second region.

•

The trend in Nu reflected the stages of the melting process. At the conduction limit, Nu
decreased. At the mixed regime, Nu reached its lowest value. At the convection regime, Nu
reached a plateau.

•

The experimental results matched the behavior of the PCM predicted by using scale
analysis and numerical calculations. As well, the experimental results showed an
improvement in the melting process of the nano-PCM in comparison with the base PCM.
Exergy analysis for thermal storage exposed to constant heat flux was performed and
detailed in Appendix A.
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Nomenclature
b

height of the convection dominated liquid region (m)

cp

specific heat at constant pressure (J/kg K)

D

melting interface position from the left wall (m)

dsb

differential boundary segment

Fo

Fourier number, Fo= knf t/( ρ cp )nf L2

E

energy flux density vector (W/m2)

E

energy stored per unit depth of the enclosure (J/m)

g

gravitational acceleration (m/s2)

H

heatfunction

h

convection heat transfer (W/m2 K)

hf

latent heat of fusion (J/kg)

k

thermal conductivity (W/(m K))

L

enclosure height (m)

LF

liquid fraction

l

height of the remaining solid nano-PCM (m)

Nu

average Nusselt number

dsb

surface normal

p

pressure (Pa)

Pr

Prandtl number, Pr= μnf cpnf ⁄knf

Q̇

total heat transfer rate per unit length (W/m)

q̇ ''

rate of heat transfer flux (W/m2)

Ra

Rayleigh number based on L, Ra= g (ρ β)nf q̇ '' L4⁄knf μnf αnf

Rab

Rayleigh number based on b, Rab = g (ρ β)nf q̇ '' b4 ⁄knf μnf αnf

Ste

Stefan number, Rab = g (ρ β)nf q̇ '' b4 ⁄knf μnf αnf

T

temperature (oC)

∆Tm

temperature transition in the mushy zone (oC)

t

time (s)

u

velocity component of the liquid nano-PCM in the x-direction (m/s)
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v

velocity component of the liquid nano-PCM in the y-direction (m/s)

x

horizontal coordinate (m)

y

vertical coordinate (m)

z

the height of the remaining solid nano-PCM portion in the enclosure (m)

z

the dimensionless height of the remaining solid, z̅ = z⁄L

Greek Symbols


thermal diffusivity (m2/s)



coefficient of volumetric thermal expansion (1/K)

b

thermal boundary layer thickness in a convection zone of height b (m)

T

thermal boundary layer thickness in a convection zone of height L (m)



dynamical viscosity (Pa s)



density (kg/m3)



volume fraction of the nano-particle



infinity

Subscripts
av

average

f

PCM

h

hot

lat

latent

m

melting

n

nanoparticle

nf

nano-PCM

ns

solid nano-PCM

P

point of a particular location at the boundary

ref

reference value

0

initial
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Chapter 5
5. Melting of Nano-Phase Change Material inside a Porous
Enclosure
“A version of this chapter has been submitted to International Journal of Heat and Mass Transfer:
Al-Jethelah, M.S., Tasnim, S.H., Mahmud, S. and Dutta, A., 2016. Melting of nano-phase change
material inside a porous enclosure. International Journal of Heat and Mass Transfer, 102, pp.773787.”

5.1. Introduction
Thermal storage is a key component in many engineering applications. Solar power plants [6] and
domestic usage [5] are two common application examples. In many applications, thermal storage
balances between the demand and the supply of energy, which has made thermal storage an
attractive research field for the last 30 years. Thermal energy may be stored in sensible or latent
forms. Sensible thermal storage has a high storage ability; however, a high mass and volume of
sensible materials are required to store a reasonable amount of heat [11]. Latent thermal energy
storage has many attractive features, such as nearly isothermal charging and discharging processes
as well as the low ratio of volume to energy [15]. These attractive features make the PCM a
preferred option in many engineering applications, such as energy storage, air-conditioning,
thermal management, medical appliances, and chemical reactions [2]. However, the low thermal
conductivity of PCMs decreases the heat transfer rate during the charging and discharging cycles
[25]. Therefore, many improvements have been proposed in the existing literature to increase the
thermal conductivity of PCMs. One of the first proposed improvements was immersing a metallic
porous medium in a PCM. This was proposed by Kazmierczak et al. [26] and reported by Nield
and Bejan [27]. The most recent proposed method is adding high thermal conductivity metallic
nanoparticles to PCMs [29]. The improvement in the PCM performance was reviewed by
researchers in terms of utilizing porous medium [23] or nanoparticles [30].
Utilization of a porous medium is one of the enhancing mechanisms for heat transfer that
researchers have studied to overcome the low thermal conductivity of PCMs. Beckermann and
Viskanta [63] numerically and experimentally investigated the melting and solidification of
gallium by immersing glass beads in a square enclosure. Their results revealed that during the
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melting and solidification processes, the movement and shape of the interface are highly
influenced by natural convection in the liquid portion and conduction in the solid portion of a
PCM.
Lafdi et al. [62] conducted an experimental study to measure the temperature field and capture the
interface motion using a paraffin PCM and aluminum foams. The authors of this study
recommended optimal values for foam porosity and pore size to enhance the thermal performance,
as porosity and pore size influence heat conduction and convection. Both a higher porosity and a
bigger pore size accelerate the attainment of the thermal steady state. The early thermal steady
state occurs because of the greater impact of convection associated with high porosity and larger
pore size foams.
Studies have also found that heat conduction dominates in the case of a lower porosity foam. Zhao
et al. [59] conducted an experimental and numerical study to investigate heat transfer during the
melting and solidification of paraffin wax embedded within copper metal foams. The use of a
porous medium improves the heat transfer in the solid phase. The overall heat transfer rate may be
increased 3-10 times by using copper foam. In addition, the solidification of a PCM embedded in
copper metal foams requires half the time of the solidification of a PCM without metal foams.
Py et al. [64] experimentally and theoretically investigated the influence of a natural graphite
matrix on the thermal performance of paraffin. The thermal conductivity of the ‘graphite matrix +
PCM’ was significantly improved from 0.24 W/m K (for the pure PCM) to a 4-70 W/m K (for the
combination) depending on the paraffin weight fraction. In addition, a higher solidification rate
and a decreasing thermal storage power stabilization were achieved.
Through their numerical study, Mesalhy et al. [28] found that a low porosity matrix accelerated
the melting process; however, a low porosity also dampened the convection currents. Mesalhy et
al. [28] concluded that the utilization of high thermal conductivity and a high porosity matrix
significantly improved the melting process of PCM.
The porous medium increases the area-volume ratio, but it reduces the volume fraction of the PCM
being utilized. As well, the improvement in the natural convection heat transfer of a fluid through
the addition of nanoparticles [67, 68] has encouraged researchers to investigate the effect of
nanoparticle addition on the melting and solidification of a PCM. Arasu and Mujumdar [70]
performed numerical simulations on paraffin wax to which metallic nanoparticles (Al2O3) had
been added. The study was done in a square enclosure. Arasu and Mujumdar [70] found that the
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liquid nano-PCM flow and the solid-liquid interface shape were affected by the thickness of the
liquid PCM layer. Increasing the volume fraction of Al2O3 decreased the melting rate. Heating the
vertical side of the enclosure enhanced the free convection effect, thus increasing the melting rate
and the energy stored when compared to the heating from below case. The authors [70] concluded
that the effective thermal conductivity of the paraffin wax was improved by using smaller volume
fractions of Al2O3.
Darzi et al. [101] incorporated Cu nanoparticles in water to improve heat transfer throughout the
melting process. The authors indicated a significant enhancement in the thermal conductivity of
the PCM with nanoparticles compared to the pure PCM. The study [101] concluded that the
improvement in the thermal conductivity of the nano-PCM and the reduction in the latent heat of
fusion led to a faster heat transfer rate.
Ho and Gao [71] conducted experiments to investigate the melting of n-octadecane with suspended
Al2O3 nanoparticles. Their results revealed that increasing the mass fraction of nanoparticles
suspended in the nano-PCM decreased the natural convection effect in the melted region when
compared to the pure PCM.
Hosseini et al. [72] performed a numerical study to investigate the effects of nanoparticle
dispersion on the solidification of three mixtures of nanofluids: Cu-water; TiO2-Water; and Al2O3water. The authors found that for a 0.2% volume fraction of Cu nanoparticles, a decrease of 16%
in the solidification time was observed for Gr= 106 when compared to the solidification time at
Gr= 105. The dispersion of nanoparticles affected the solidification time because of the
improvement in the conduction mechanism of solidification.
Abdollahzadeh and Esmaeilpour [75] numerically investigated the impact of surface waviness and
nanoparticles on the solidification time of Cu-water. For a low Gr, the freezing time increased with
an increase in the waviness, while for a high Gr the waviness decreased the solidification time.
The authors concluded that both the surface waviness and the nanoparticles accelerated the
solidification process. However, adding nanoparticles decreased the energy storage/release
capacity.
Zabalegui et al. [76] numerically and experimentally investigated the impact of adding multiwalled carbon nanotubes on the latent heat of a PCM. They observed that smaller diameter particles
reduced the PCM latent heat. The experimental study performed by Altohamy et al. [142] revealed
the significant effect of nanoparticles on reducing the solidification time of Al2O3-water.
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The enhancements in a phase change process associated with the separate use of porous mediums
and nanoparticles have attracted researchers to study the effect of the presence of both porous
mediums and nanoparticles together throughout the phase change processes [80–83]. The first
work that investigated the phase change process of a nano-PCM embedded in a porous medium
was performed by Hossain et al. [80]. This numerical study along with a scale analysis
investigation revealed that the existence of a porous medium had more influence than nanoparticles
on the melting process of a rectangular enclosure heated from the top. A lower porosity and a
higher volume fraction of nanoparticles accelerated the melting process. The authors found that
more energy was required to melt the nano-PCM with a lower volume fraction nanoparticle inside
a higher porosity porous medium.
Tasnim et al. [81] presented a scale analysis and a numerical study of a phase change process using
the Darcy model for a porous medium filled with a nano-PCM in a rectangular enclosure heated
from the side. A reduction in conduction and convection heat transfer was observed when
nanoparticles were added to the base PCM.
Alshaer et al. [82] conducted an experimental work to investigate the cooling of electronic devices
using a composite of carbon foam, paraffin wax, and multi-wall carbon nanotubes. The cooling
process was improved by utilizing the composite medium when compared to carbon foam or
carbon foam immersed in paraffin wax only. Alshaer et al. [83] performed a further numerical
study to predict the thermal performance of electronic equipment using a composite of carbon
foam, paraffin wax, and multi wall carbon nanotubes. The influence of the foam porosity on the
cooling process was investigated. They found that the cooling was enhanced with lower porosities
(less than 75%) when compared to a higher porosity (88%).
Based on the literature reviewed thus far, the authors of the current study were unable to identify
a research work that had considered melting a nano-PCM inside of a porous medium using more
rigorous models (e.g. the Darcy-Brinkman model). This lack motivated the present study. The
current study utilized a complete Darcy-Brinkman model for both numerical modeling and a scale
analysis. These complete modeling results will improve the understanding and fundamental
knowledge of the phase change processes of a nano-PCM inside a wide range of porous media. As
a test case, the current numerical study considered Al2O3 as the nanoparticles, water as the PCM,
and aluminum foam as a porous medium. The nano-PCM within the porous medium was placed
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in a square enclosure; one of its vertical walls was heated at a constant temperature, while the other
walls were thermally insulated.

5.2. Physical Model
A two-dimensional square enclosure filled with a nano-PCM and a porous medium is shown in
Fig. 5-1. The walls of the enclosure were adiabatic except for the left wall, which was maintained
at a constant temperature Th . It was assumed that the temperature of the solid nano-PCM was at

Tm , which is the melting temperature of the nano-PCM. The melted nano-PCM was considered to
be an incompressible Newtonian fluid. It was further assumed that the unsteady flow of the melted
nano-PCM inside the enclosure was laminar and no velocity slip existed between the nanoparticles
and the PCM. Also, the nanoparticles and the PCM were considered to be a continuous medium
and were locally in thermal equilibrium with the porous medium.

y

liquid nano-PCM

solid nano-PCM

porous medium
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x
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L
Figure 5-1 (a) A schematic diagram of the problem under consideration, (b) a magnified view of a
representative control volume
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5.3. Mathematical Modeling
To simulate the melting of a nano-PCM embedded in a porous medium, a mathematical model
was built that consists of governing equations, thermophysical property relations, and the initial
and boundary conditions of the present study.
5.3.1. Governing Equations
In this work, the thermophysical properties were assumed to be constant except for the density in
the y -momentum equation where the Boussinesq approximation was used to model the buoyancy
force term. The flow of the melted nano-PCM was assumed to be an unsteady laminar flow.
The model can be described by a conservation of mass equation, a Darcy-Brinkman model of
momentum equation in porous medium, and energy equations in both the liquid and solid regions
of the nano-PCM. These equations are introduced and discussed in the following paragraphs.
The continuity equation presented in [143] is applicable to the current problem of the liquid phase
of the nano-PCM and is given by
u v
+
=0
x y

(1)

where u is the volume-averaged velocity of the liquid nano-PCM in the x direction and v is the
volume-averaged velocity of the liquid nano-PCM in the y direction.
In recent studies, Hossain et al. [80] and Tasnim et al. [81] used the Darcy equation of the porous
medium to model the flow field of the liquid nano-PCM. However, the Darcy flow model is
suitable for cases where the order of magnitude of the pore Reynolds number is smaller than unity
[27]. The Darcy momentum model ignores the solid boundary effect, and also the fluid inertial and
frictional effects. These neglected effects can have a significant influence on the melting and
solidification processes of a nano-PCM for a porous medium having a relatively large porosity and
permeability. To overcome the limitations of the Darcy model, the current work was developed
using the Darcy-Brinkman momentum equation for a porous medium [143].
Using the Darcy-Brinkman model, the momentum equation in the x -direction, according to [143],
is

 nf


 u 1  u
u 
p  nf
 +  u + v  = − +
y 
x 
 t   x
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  2u  2u   nf
 2 + 2  −
u
 x y  K

(2)

Where nf is the density of the nano-PCM, ε is the porosity of the porous medium, t is the time,

p is the pressure,  nf is the dynamic viscosity of the nano-PCM, and K is the permeability of
the porous medium.
Similarly, the momentum equation in the y -direction, according to [143], is

 nf


 v 1  v
v 
p  nf
 +  u + v  = − +
y 
y 
 t   x

  2 v  2 v   nf
 2 + 2  −
v + ( )nf g (T − Tm )
 x y  K

(3)

where βnf is the coefficient of thermal expansion for the nano-PCM, g is the gravitational
acceleration, T is the temperature, and Tm is the melting temperature of the PCM.
The volume averaged energy equation for the liquid phase of the nano-PCM immersed in the
porous medium, according to [143], is

(c p )eff

( )

T
+ c p
t

 T
T 
u
+ v  = keff
nf  x
y 


  2T  2T 
 2 + 2 .
y 
 x

(4)

In Eq. (4), ( ρ cp )nf is the heat capacity of the nano-PCM, while ( ρ cp )eff and keff are the heat
capacity and the effective thermal conductivity of the nano-PCM porous medium combination,
respectively.
In order to derive Eq. (4), a local thermal equilibrium (LTE) between the porous matrix and the
nano-PCM was assumed. Using an LTE is common in enclosures that contain a porous medium.
The presence of a nanoparticle will increase the thermal conductivity of the nano-PCM and will
reduce the resistance to heat transfer between the liquid nano-PCM and the porous medium.
Therefore, an LTE assumption may be used in the current study to evaluate the temperature of the
liquid nano-PCM in the presence of a porous medium. Moreover, the difference in temperature
between the hot wall and the melting interface was not larger than 5oC in the present work. At this
small range of temperature difference, the local non-equilibrium thermal condition between the
porous matrix and the nano-PCM can be neglected. Furthermore, since phase change is a very slow
process, the temperature difference between the base fluid and the nanoparticles may be neglected.
However, the authors were curious about this fact, and the next step in this investigation was to
use the local non-equilibrium thermal condition, and to examine the temperatures of the PCM and
the nanoparticles.
Finally, the energy equation in the solid phase of the nano-PCM is
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(c )

p eff

T
= k eff
t

  2 T  2T 
 2 + 2 .
y 
 x

(5)

In the energy equations, the internal heat generation in the solid and liquid regions, and the viscous
dissipation effect in the liquid region are neglected.
5.3.2. Thermophysical Properties Relations
This section introduces the thermophysical properties of the nano-PCM and the nano-PCM-porous
medium combination which are used in Eqs. (1) to (5).
The density of the nano-PCM (ρnf ), which is available in Eqs. (2) and (3), can be expressed,
according to [144], as follows

nf = (1 −  )  f +  n

(6)

where ϕ is the volume fraction of the nanoparticles, ρf is the density of the PCM, and ρn is the
density of the nanoparticles.
According to [144], the nano-PCM heat capacity, ( ρ cp )nf , is

( c )

p nf

= (1 −  ) (  c p ) +  (  c p ) .
f
n

(7)

Also seen in [144], is that part of the Boussinesq term in Eq. (3) can be written as

(  )nf = (1 −  )(  ) f +  (  )n .

(8)

As seen in [145], the Brinkman model can be used to define the viscosity of the nano-PCM
(μnf ):

 nf =

f

(1 −  )2.5

.

(9)

The Maxwell–Garnetts (MG) model [144] is used to model the thermal conductivity of the
nano-PCM (knf ) as follows
k nf =

(
+  (k f

)k
f
− kn )

k n + 2k f − 2 k f − k n
kn + 2k f

(10)

where kn and kf are the thermal conductivities of the nanoparticle and the PCM, respectively.
The latent heat of fusion hfnf can be defined, according to [73], using the following equation

(h f )nf = (1 −  )(h f )f .
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(11)

The effective heat capacity of the nano-PCM-porous medium combination ( ρ cp )eff in Eqs. (4) and
(5) is defined, according to [80], as

(c p )eff =  (c p )nf + (1 −  )(c p )s

(12)

where subscript s stands for the solid matrix of the porous medium.
The effective thermal conductivity of the nano-PCM-porous medium combination keff can be
expressed, according to [80], as

keff =  knf + (1 −  ) ks

(13)

where ks is the effective thermal conductivity of the solid porous medium.
5.3.3. Initial and Boundary Conditions
The governing differential equations are numerically solved using the following initial and
boundary conditions:
Initial condition: T ( x, y,0 ) = Tm , u = v = 0
Horizontal walls:

T ( x,0,t )

=

T ( x,L,t )

y
y
Left wall: T ( 0, y,t ) = Th , u = v = 0

Right wall:

T ( L, y,t )
x

= 0, u = v = 0

(14)

= 0, u = v = 0

T (D, y, t )
D
Interface condition: T ( D, y,t ) = Tm , − keff
= nf h f nf
x
t

where L is the enclosure height, D is the melting front position, and Tm is the melting temperature
of the PCM. For an enclosure filled with a pure PCM and a Darcy porous medium, Nield and Bejan
[27] applied similar interface boundary conditions. Jany and Bejan [88] also applied a similar
interface boundary condition to a layer of melt in a saturated Darcy porous medium. Jany and
Bejan [87] applied a similar interface boundary condition for a PCM inside a non-porous medium.
The interface boundary condition, used in Eq. (14), is adopted from Nield and Bejan [27] and
modified to incorporate the simultaneous effect of the nano-PCM and the porous medium.
5.3.4. Dimensionless Form of the Governing and Boundary and Initial Conditions
To write the governing equations in the dimensionless form, the following dimensionless variables
are introduced:
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U=

=

L

 eff

u ;V =

L

 eff

v ; Fo =

 eff
2

L

;X =

K
1
1
1
p;
x ;Y = y ; l = D ; P =
 nf  eff
L
L
L

T − Tm
Th − Tm

Ste =
*

Ste



(15)
=

c p ( Th − Tm )
nf

h f nf

g ( )nf L3 ( Th − Tm )
 nf
K
; Da = 2 ; Pr =
; Ra =
L
 nf  eff
 nf  eff

where X is the dimensionless horizontal coordinate, Y is the dimensionless vertical coordinate, U
and V are the dimensionless volume-averaged velocity of the liquid nano-PCM in the X- and Ydirections, respectively, αeff is the effective thermal diffusivity of the nano-PCM-porous medium
combination, Fo is Fourier number, l is the dimensionless melting front position, P is the
dimensionless pressure,  is the dimensionless temperature, Ste* is the modified Stefan number
for the porous medium case, and Pr is the Prandtl number.
Using the parameters defined in Eq. (15), the governing equations, Eqs. (2) to (4), can be written
in dimensionless forms as follows:
The dimensionless momentum equation in the X-direction
Da U
Da  U
U 
P Da   2U  2U

+ 2 U
+V
+
+
=−
 Pr Fo  Pr  X
Y 
X
  X 2 Y 2


 − U


(16)

The dimensionless momentum equation in the Y-direction
Da V
Da  V
V 
P Da   2V  2V 

 − V + RaDa
+ 2 U
+V
+
+
=−
 Pr Fo  Pr  X
Y 
Y
  X 2 Y 2 

(17)

The dimensionless energy equation
  
    2  2 


+ U
+V
+
=
Fo  X
Y   X 2 Y 2 

(18)

where σ= ( ρ cp )eff ⁄( ρ cp )nf is the ratio of the heat capacities of the nano-PCM-porous medium
combination and the nano-PCM.
The local Nusselt number Nulocal can be defined, according to [146], as
Nulocal =

Q L
k f (Th − Tm )

where the heat flux rate Q̇ '' can be expressed as
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(19)

T
Q  = −keff
x

.

(20)

x =0

Equation (20) can be substituted into Eq. (19), and using the dimensionless parameters in Eq. (15),
the average Nusselt number Nu can be expressed as

 keff
Nu =  − 
k
0  f
1

 

 X


dY .

(21)

X =0

The boundary and initial conditions, using the dimensionless parameters, become
Initial condition:  ( X , Y ,0) = 0, U = V = 0
Horizontal walls:

 ( X ,0, Fo)  ( X ,1, Fo)
=
= 0, U = V = 0
Y
Y

Left wall:  (0, Y , Fo) = 1, U =V = 0
Right wall:

(22)

 (1, Y , Fo )
= 0, U = V = 0
X

Interface condition:  ( l ,Y , Fo ) = 0 ,

 ( l ,Y ,Fo )
X

=−

1
l
 Ste* Fo

5.4. Scale Analysis
In this study, scale analysis is used as a problem-solving method in addition to the numerical
simulation. The objective of the scale analysis is to use the fundamental knowledge and basic
principles of fluid mechanics and heat transfer to create order of magnitude approximations for the
quantities of interest [87]. In the current study, the quantities of interest are melting time, melting
regimes, and Nusselt number. The literature [81, 87] revealed that the total melting process without
the nanoparticles can be divided into four different regimes depending on the mode of heat transfer.
The four regimes, as stated in [87], are: the conduction regime; the mixed conduction-convection
regime; the convection regime; and the shrinking solid regime (see Fig. 5-2 for details). Scale
analysis can be used to characterize these regimes and identify functional relationships between
important parameters (e.g. the Nusselt number and the Rayleigh number) in a particular regime
[81, 87, 88] in the presence of nanoparticles.
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Figure 5-2 The four regimes of the melting process in a rectangular enclosure (a) the conduction limit, (b) the
transition regime, (c) the convection regime, and (d) the shrinking solid regime [87]

5.4.1. Conduction Limit
Initially, the entire nano-PCM was assumed to be in its solid phase with a constant temperature
( Tm ). At a particular time (i.e. t = 0), heat was supplied from an external source to the left vertical
wall to keep the wall temperature constant (i.e. T = Th  Tm ). At this stage, conduction heat transfer
is the dominant form of heat transfer. Immediately after the heating process started, the supplied
heat 𝑄̇ ′′cond was balanced by the enthalpy absorbed 𝑄̇ ′′lat at the liquid-solid interface, i.e.


Qcond

int erface


= Qlat

int erface

.

(23)

Per unit area, Eq. (23) can be expressed as
T
dD
.
= nf h f
(24)
nf dt
x
The scaling parameters for temperature and distance, i.e. T~( Th − Tm ) and x~D, can be introduced
− keff

into Eq. (24) to obtain
( Th − Tm )
D
.
~ nf h f
(25)
nf
D
t
After re-arranging the parameters and simplifying, the thickness of the melted portion within the
keff

conduction limit can be expressed as
1
2

(

 Ste

D ~ L
 Fo  = L Ste*  Fo
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1
2

)

(26)

The dimensionless Stefan number Ste (= cpnf (Th -Tm )/hfnf ) in Eq. (26) measures the sensible heat of
a system relative to its latent heat and Ste* is the modified dimensionless Stefan number. The
parameter Fo is the dimensionless Fourier number (= knf t/( ρ cp )nf L2 ) which measures the heat
conducted through a particular substance relative to the heat stored inside that substance. The
product of Ste* and Fo yields a dimensionless time group [87]. Equation (26) reveals that the
thickness of the nano-PCM liquid layer D in the conduction limit is influenced by the height of the
square enclosure L and the period of the melting process represented by the dimensionless time
(Ste*×Fo). Equation (26) also implies the effect of the volume fraction of the nanoparticles and
the time. The volume fraction of the nanoparticles ϕ is not directly presented in Eq. (26). However,
any change in ϕ changes the thermophysical properties (e.g. c p nf ) in Ste*×Fo. Ste* and Fo
increase with an increasing ϕ. With an increasing Ste* Fo , the thickness of the liquid layer D
increases. It can be seen that the time has considerable influence on Fo and subsequently on
Ste*×Fo. Equation (26) states that with an increasing Ste* Fo , the thickness of the liquid layer
D increases too. To conclude, the thickness of the liquid layer D of the nano-PCM in the
conduction limit increases with the height of the square enclosure L, the volume fraction of the
nanoparticles ϕ, and the time Ste*×Fo.
Equation (19) can be re-written, using the previously defined scaling parameters, as
Nulocal ~

Q L
.
k f (Th − Tm )

(27)

Similarly, the heat flux term Q̇ '' in Eq. (20) can be expressed in scale analysis form as

(T − Tm ) .
Q  ~ keff h
(28)
D
By substituting Eq. (28) into Eq. (27), a scale of Nu in the conduction limit can be obtained as
Nu ~

keff
kf

−

1
2

( Ste  Fo) .
*

(29)

It is observed from Eq. (29) that Nu is proportional to the conductivity ratio ( keff k f ). Therefore,
for a given nano-PCM, a better heat transfer rate can be obtained when keff is larger by introducing
nanoparticles and a metallic porous medium. Nu is inversely proportional to the time group
Ste*×Fo; hence it reduces as time advances in the conduction regime of the melting process.
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5.4.2. The Mixed Conduction- Convection Regime
Shortly after initiating heating at the left wall, the natural convection of the liquid nano-PCM
became stronger in the upper part of the melted portion within the height of the convection region
b, as shown in Fig. 5-2(b). Substituting the following scaling parameters, x~δb and y~b, the
following relationship can be established by using the continuity equation, Eq. (1)

u v
~ .
b b

(30)

By applying the proper scales of parameters in the momentum equations in the y -direction from
Eq. (3), and for Pr >1, a balance can be established between the scales of the buoyancy term
( ~ g (  )nf (Th − Tm ) ) and the friction term ( ~ v n f [(1 /  b ) + (1 / K )] ) in Eq. (3) to obtain a scale
2

for the velocity in the y - direction in the following form:
g ( )nf (Th − Tm )b 3

.
 b2 b2 
(31)
nf  2 + b
 b K 
Similarly, a scale analysis can be performed for the energy equation in the liquid nano-PCM
v~

region, Eq. (4). A balance can be established between the scales of the advection term
(~ 𝜈 (𝑇ℎ − 𝑇𝑚 )⁄ b) and the diffusion term (~ knf (𝑇ℎ − 𝑇𝑚 )⁄( ρ cp )nf δb 2 ) to obtain the following
scale for the velocity in the y - direction
v~

keff

b

( c p )nf  b 2

.

(32)

In the mixed conduction-convection regime, the thickness of the liquid nano-PCM region is not
uniform. As shown in Fig. 5-2(b), the thickness is wider in the upper portion of height b than the
lower portion of height L-b. The onset of convection in the upper part of the liquid nano-PCM
layer results in a relatively wider thickness of this layer, which is characterized by a thermal
boundary layer of thickness δb . However, conduction is still the dominate mode of heat transfer in
the lower portion of the liquid nano-PCM. Now, δb can be obtained by combining Eqs. (31) and
(32) as
 ~b
2
b

2



1
 1 +

1


Ra
Da
b
b
 Rab2
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(33)

where

Rab

is

the

Rayleigh

number

based

on

the

length

scale

b

(Rab = g (ρ β)nf b3 ( Th -Tm )⁄μnf αeff ), and Dab is the Darcy number based on the length scale b
( Dab = K b 2 ).
The thickness of the liquid nano-PCM, D, is larger than δb except at the transition level from
conduction to convection where

b ~ D .

(34)
3

Now using Eqs. (33) and (34), knowing that Rab =( b⁄L ) Ra [87], and using the relation
2

Dab =( b⁄L ) Da , an expression of the height of the convection region b can be expressed as
−1


1
1 
b ~ L ( Ste  Fo ) 
+
 .
*

Ra(
Ste

Fo
)
RaDa


*

(35)

It is observed from Eq. (35) that with an increase in the enclosure height L, the time group Ste*×Fo,
the porosity ε, the Rayleigh number Ra, and the Darcy number Da, the height of the convection
region b increases too. In other words, increasing these parameters accelerates the onset of the
convection regime. The convection current, developed in this regime, assists heat transfer from the
hot wall to the cold liquid-solid interface. Therefore, accelerating the convection regime
accelerates the melting process.
In the mixed conduction-convection regime, the total heat transfer is a combination of heat transfer
by convection in the upper portion and conduction in the lower portion of the melted area. In terms
of scales of different parameters

(T − T )
(T − T )
Q ~ keff (L − b ) h m + keff b h m
D
b

(36)

where Q̇ is the total heat transfer rate per unit width of the enclosure.
The first term on the right-hand side of Eq. (36) represents conduction, while the second term
represents convection. From Eqs. (26) and (33), and by substituting Eq. (36) into Eq. (19), the
scale of Nu can be expressed as
−1
1
1

− 

k eff 
1
1 
*
*
2
 + (Ste  Fo) 2  .
Nu ~
(Ste  Fo) 
+
(37)
*
kf 

Ra (Ste  Fo) RaDa 



Equation (37) reveals that Nu is influenced by the conductivity ratio ( keff k f ) along with other

parameters; therefore, for a given PCM and with a larger keff , the heat transfer rate can be improved.
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As well, Eq. (37) reveals that Nu in the mixed conduction-convection regime is a combination of
two terms: the first term is due to the convection; and the second term is due to the conduction.
The convection term is influenced by the time group Ste*×Fo, the porosity ε, the Rayleigh number
Ra, and the Darcy number Da. Nu increases with any increase in these parameters, while the
conduction term is only influenced by the time group Ste*×Fo, which is similar to Eq. (29) in the
conduction limit.
5.4.3. The Convection Regime
When the buoyancy force in the liquid nano-PCM becomes much greater than the friction force,
convection dominates in the melted region of the nano-PCM inside the porous medium. The
vertical extent of the convection current, identified in the mixed conduction-convection regime,
progresses down with advancing time and reaches its limit (b→L). In the convection regime all
the melted area is dominated by convection, and Nu can be expressed as

Nu =

hL
.
kf

(38)

From the energy balance at the interface

Q cond

int erface


= Q conv

int erface

.

(39)

Equation (39) can be further expressed as
T
= hT .
x
Using the scaling parameters, Eq. (40) can be rewritten as
− keff

keff

T
~ h T .
T

(40)

(41)

The scale of Nu in the convection regime can be rewritten as
Nu ~

k eff L
.
k f T

(42)

The thickness of the thermal boundary layer δT can be defined by reintroducing Eq. (33) as follows:


1
1 

.
 ~L
+
1

RaDa 
2
 Ra

Then Eq. (43) can be substituted into Eq. (42) to obtain Nu in convection regime as
2
T

2
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(43)

Nu ~

k eff
kf



 1 + 1 
1

RaDa 
 Ra 2


−

1
2

.

(44)

In Eq. (44), the conduction term vanishes, which is an indication of the significant dominance of
convection. In the convection regime, the thickness of the melted portion is not uniform. In the
upper part of the melted portion, the temperature of the liquid nano-PCM is higher than that of the
bottom portion. Therefore, the melting rate is faster in the upper part of the melted portion.
Consequently, due to non-uniform thickness, it is appropriate to refer to the melted thickness as
the average thickness of the nano-PCM liquid layer Davg . The average thickness of the nano-PCM
liquid layer can be expressed as
L

1
Davg (t ) =  D( y, t )dy .
L0

(45)

At the interface, the total heat transfer rate is
dDavg
.
Q ~  nf h f L
dt
Using Eqs. (27) and (44), the total heat transfer rate can be written as

(46)

1

Q ~ Ra 4 knf ( Th − Tm ) .

(47)

Equations (46) and (47) can be combined, and after simplification the average thickness of the
nano-PCM liquid layer Davg can be written as

Davg

 1
1 
~ L( Ste*  Fo) 
+
1
RaDa 

 Ra 2


−

1
2

(48)

Equation (48) predicts an increase in the average thickness of the melted portion with an increase
in the enclosure height, Ste*×Fo, ε, Ra, and Da for the convection regime.
Table 5.1 shows a comparison from the existing literature between the present scale analysis
correlations and the correlations developed for the nonporous [87] and porous medium [88] cases.
Nu correlations were chosen because they were derived in most regimes of the melting process.
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Table 5.1 Comparison between the present correlations and those for the base PCM for the nonporous [87] and porous medium [88] cases.

Regime
Nano-PCM
filled porous
medium
The present
correlations

Base
PCM
without
a
porous
medium
Base
PCM
porous
medium

Conduction limit
Nu ~

1
−
k eff
(Ste *  Fo) 2

kf

Nu ~ (Ste  Fo)

Nu ~ (Ste  Fo)

Correlations for the base PCM
with a porous medium [88]

---

−

−

1
2



1
( Ste*  Fo) (

*
keff 
Ra ( Ste  Fo) 

Nu ~
1

kf 
−
1 −1
) + ( Ste*  Fo) 2 
+
 RaDa


1
2

Convection regime

1
2

3 

Ra (Ste  Fo) 2 + 
Nu ~ 

1


−
(Ste  Fo) 2


1
2

Nu ~ (Ste  Fo)
*

*

Correlations for the base PCM
without a porous medium [87]

−

Mixed conduction-convection regime

1


*
k eff RaDa (Ste  Fo ) 2 + 
Nu ~


1
kf 

−
*
(Ste  Fo ) 2


3 

Ra (Ste *  Fo ) 2 + 
Nu ~ 

1

−

*
(Ste  Fo ) 2


3 

RaDa (Ste *  Fo ) 2 + 
Nu ~ 

1

−

*
2
(Ste  Fo )
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Nu ~

Nu ~

Nu ~

k eff
kf



1 
 1
+

1
RaDa 
 Ra 2


1
Ra 4

1
k eff
(RaDa ) 2
kf

Nu ~ Ra

1
4

1

Nu ~ ( RaDa) 2

−

1
2

5.5. Numerical Analysis
Until this point, the scale analysis technique was applied to the modeled differential equations to
establish the functional relationships between different dimensionless parameters, in addition to
the melting time and the melting regimes. In this section, governing equations are solved using a
numerical technique. A detailed description of the numerical technique is presented elsewhere
[110] and is not repeated in detail in this work.
A two-dimensional numerical study was performed to simulate the melting process of a nano-PCM
inside a rectangular enclosure filled with a porous medium. The finite element technique was used.
The energy equation was used in the solid and liquid phases, while the laminar momentum
equation was used in the liquid region. To model natural convection, the proper volume force was
applied to the liquid nano-PCM. The dynamic viscosity was input as a piecewise continuous
second derivative function that accounted for the viscosity of the liquid nano-PCM in the melted
region, and forced the solid nano-PCM to remain fixed by having a solid viscosity of 108. Two
dimensional quadrilateral elements were used to discretize the model. A mesh convergence study
was done, and as a result 8096 elements were selected giving an average element size of
1.2410-6 m2. The time duration needed to achieve full melting was a good indicator of the time
step dependence. The nano-PCM melted after 5.34, 6.27, and 7.18 minutes with time step
increments of 0.002, 0.005 and 0.01seconds for a temperature difference of 5C, respectively.
Therefore, the time step was set to 0.005 seconds. The scaled residuals selected for convergence
were on the order of 10-5. The left wall of the enclosure was isothermally heated to initiate the
melting process, while the remaining walls were thermally insulated. The enclosure was filled with
a porous medium saturated with a nano-PCM. The numerical simulations were implemented to
identify the effect of utilizing nanoparticles and porous medium on the melting process of a
nano-PCM. To characterize the melting process completely, three volume fractions (ϕ= 0%, 10%,
and 20%) of copper nanoparticles were used. The large volume fractions ϕ (>5%) considered in
the present investigation were primarily of academic interest; however, the authors were not
excluding the practical interest at low volume fractions of nanoparticles. The literature reviewed
earlier showed that primarily, experimental works have considered low volume fractions (or mass
fractions) [71], while the higher volume fractions (or mass fractions) were reported mainly in the
theoretical and numerical works [73]. The subsequent numerical study indicates an improvement
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in the melting process and the heat transfer rate at higher volume fractions of nanoparticles.
However, the preparation of a nano-PCM with higher volume fractions of nanoparticles is still a
challenging task and is currently under investigation.
To investigate the influence of the porous medium on the melting process, a wide range of Darcy
numbers (10-8  Da  100) were studied at a porosity of 0.98 for Rayleigh number ranges from 106
to 5107, and a Stefan number of Ste*= 10-1.
Initially, a validation is presented in Fig. 5-3 where the solid-liquid interface movement of gallium
is tracked with time. The thermophysical properties of gallium are listed in [111]. The gallium was
placed in a 8.89 cm  6.35 cm rectangular enclosure. The enclosure was isothermally heated to
38oC at the left wall and cooled to 29.78oC at the right wall, while the top and bottom walls were
thermally insulated. There is a fair agreement between the current predictions and the
computational [73, 111] and experimental [112] results.

Khodadadi and Hosseinizadeh [73]
Brent et al. [111]
Gau and Viskanta [112]
Present work

Figure 5-3 Comparison between the present results and those in the literature for the melting process of
gallium in a square enclosure

The numerical results reported in the subsequent sections were obtained for water as the PCM,
copper as the nanoparticles, and Al2O3 as the porous medium. The properties of these materials
are listed in Table 5.2.
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Table 5.2 Thermophysical properties for the water, Cu, and Al2O3.

Property (unit)
ρ (kg/m3)
μ (Pa.s)
cp (J/kg K)
k (W/m K)
β (1/K)
hf (kJ/kg)

Water [41]
997.10
8.910-4
4179
0.6
2.1010-4
3.35105

Cu [145]
8,933
--385
401
1.6710-5
---

Al2O3 [145]
3,970
--765
40
0.85010-5
---

The addition of nanoparticles to the PCM changed its thermophysical properties. Table 5.3 lists
the new thermophysical properties that result from adding a 10% and a 20% volume fraction of
copper nanoparticles to the water.

Table 5.3 Thermophysical properties of Cu, water, and nano-PCM for ϕ= 10% and ϕ= 20%.

Property (unit)

Cu nanoparticle

Water [41]

Nano-PCM

Nano-PCM

[145]

(ϕ=0%)

(ϕ=10%)

(ϕ=20%)

8,933

997.10

1790.7

2584.3

μ (Pa.s)

---

8.910-4

1.15810-3

1.5610-3

cp (J/kg K)

385

4179

2286.3

1556.1

k (W/m K)

401

0.6

0.8

1.0475

β (1/K)

1.6710-5

2.1010-4

2.0410-4

1.9810-4

hf (J/kg)

---

3.35105

1.68105

1.03105

ρ (kg/m3)

5.6. Results and Discussion
5.6.1. Impact of Ra on the Melting
Figure 5-4 shows the effect of Ra on the melting process of the nano-PCM inside a porous medium
for the following parameters: Da= 10-5; ϕ= 10%; Ste*×Fo= 0.044; and Ra = 106, 107, and 5107.
Each plot in Figs. 5-4(a) to 5-4(c) contains temperature contours and streamlines to show the
thermal and flow fields, respectively, while plots in Figs. 5-4(d) to 5-4(f) present the corresponding
energy streamlines. At Ra = 106, the flat vertical interface between the liquid and the solid phases
of the nano-PCM inside the porous medium implies that conduction is the dominant mode of heat
transfer. In the conduction dominated melting regime, free energy streamlines [90] originated from
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the hot wall, passed through the liquid nano-PCM, and terminated at the liquid-solid interface, as
seen in Fig. 5-4(d). The slightly deformed interface at Ra= 107 indicates the onset of the
convection-dominated melting process and heat transfer. This interface deformation occurs due to
the non-uniform heat penetration at different locations on the interface. The density of the liquid
nano-PCM adjacent to the hot wall decreases and becomes lighter due to the immediate heating
from the wall. The buoyancy force assists the lower density liquid nano-PCM to move upward
along the hot wall. Since the insulated upper surface of the enclosure is impermeable, the hot liquid
nano-PCM moves towards the liquid-solid interface carrying thermal energy with it. This
convection current moves downwards along the liquid-solid interface while continuously
transferring thermal energy to the interface. Due to the thermal stratification effect, the rate of the
heat transfer reaches its maximum close to the top adiabatic wall at the interface, and gradually
decreases in a downward direction along the interface. Therefore, the interface melting rate is
higher in the upper parts of the interface than in the lower parts. The ongoing non-uniform heat
transfer and melting processes result in a deformed interface shape. However, the nearly vertical
interface shape in the lower part implies the dominance of conduction at that point, as can be seen
in Fig. 5-4(b). The influence of convection in the upper part and conduction in the lower part of
the melted region, seen in Fig. 5-4(b), is the case of a mixed convection-conduction regime. As
seen in Fig. 5-4(e), the free energy streamlines at Ra= 107 curve back further towards the top of
the enclosure, indicating the appearance of convection at that location. The highly deformed
interface shape implies the dominance of the convection regime at Ra= 5107. The appearance of
a distinct thermal boundary layer characterizes this regime. At this Ra, a stronger convection
current carries the thermal energy to the liquid-solid interface at a higher rate, and consequently
this thermal energy causes faster deformation of the solid-liquid interface. The convection regime
of the nano-PCM is therefore characterized by free energy streamlines at the top portion of the
enclosure followed by trapped energy streamlines at the bottom part.
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(a) Ra = 106

(d) Ra = 106

(b) Ra = 107

(e) Ra = 107

(c) Ra =5107

(f) Ra =5107

Figure 5-4 Temperature and flow streamlines (first column) and temperature and energy streamlines (second
column) for different values of Ra, at Da = 10-5, ϕ= 10%, and Ste*×Fo= 0.044 for Ra = 106, Ra= 107, and Ra
=5107

Figure 5-5 presents the progression of the melting process as time advanced at different values of
Ra throughout the conduction limit and the convection regime. Combined isotherms and
streamlines were presented for Da= 10-5, ϕ= 20%, and Ra = 106, 5106, and 107. Results are
presented for four values of dimensionless time: Ste*×Fo= 00.00046; 0.00276; 0.07352; and 0.14.
The expected growth of the liquid nano-PCM region with advancing time is clearly observed in
Fig. 5-5. Such a melting process can be characterized by the melt fraction, which is the liquid
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volume/total volume of the nano-PCM, and the liquid-solid interface shape and location. At
Ste*×Fo= 0.00046, the narrow liquid nano-PCM region bounded between the solid wall and the
vertical interface indicates the dominance of conduction. Small melt fractions of almost equal
magnitude (10.3%) are observed for the three selected Ras. Melt fractions increase slightly at
Ste*×Fo= 0.00276, but conduction still dominates. This trend in the growth of the melting region
with time in the conduction regime is predicted by Eq. (26). Equation (26) also confirms the Ra
independency of the thickness of the melting region as observed in Fig. 5-5 for Ste*×Fo= 0.00046
and 0.00276. The extent of the liquid nano-PCM region is considerably larger at Ste* Fo =
0.07352 and 0.14 for all Ras. Apparent variations in the magnitudes of the melt fractions and the
deformed interfaces are clear indicators of transitions and/or convection regimes inside the cavity.
The dependency of the average interface location Davg on Ra is clearly visible for Ste*×Fo=
0.07352 and 0.14, which can be confirmed from the scale analysis result presented in Eq. (48).

Ste*×Fo = 0.00046

Ste*×Fo = 0.00276

Ste*×Fo = 0.07352

Ste*×Fo = 0.14

Ra =106

Ra
=5106

Ra =107

Figure 5-5 Isotherms and streamlines at Da= 10-5, ϕ= 20% for Ra= 106, Ra= 5106, and Ra= 107 at Ste*×Fo=
0.00046, Ste*×Fo= 0.00276, Ste*×Fo= 0.07352, and Ste*×Fo= 0.14
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5.6.2. Impact of Da on the Melting Process
The effect of Da on the melting process is presented in Fig. 5-6. For a selected dimensionless time
Ste*×Fo = 0.05, combined plots of isotherms and streamlines are presented for Ra= 106 and ϕ=
20%. Nine cases of Da were selected (Da= 10-8, 10-7, 10-6, 10-5, 10-4, 10-3, 10-2, 10-1, and 100) to
show the impact of Da on the characteristic features of the melting process.
As stated earlier in this work, the dimensionless parameter Da is the ratio of the porous medium’s
permeability to the length scale squared (i.e. Da= K⁄L2 ). The parameter permeability is the
equivalent fluid conductivity of the porous material, and it estimates the microscopic pore diameter
of the porous medium [89]. Therefore, for a given size of enclosed space, Da is an indirect measure
of the microscopic pore size of the porous medium under investigation. Incorporation of a porous
medium into an enclosure generally introduces a restricted motion to the liquid nano-PCM. Such
restricted motion is caused by the viscous force between the liquid nano-PCM and the surfaces of
the pores inside the porous medium. The magnitude of the resistance felt by the liquid nano-PCM
motion depends on the pore size. Therefore, a small value of Da indicates a relatively lower pore
size, which imposes more restrictions on the liquid nano-PCM motion compared to a large value
of Da. Consequently, conduction dominates the melting process, which can be clearly observed
from the vertical liquid-solid interface at Da= 10-8, 10-7, and 10-6. At a higher Da, the size of the
pore becomes larger thus reducing the resistance to the liquid nano-PCM motion inside the pores.
A gradual reduction in the fluid flow resistance with increasing Da enhances the convective motion
of the liquid nano-PCM, which can be observed from the relatively small deformation of the
interface at Da= 10-5 and the moderate deformation at Da= 10-4. The transition regime (i.e. mixed
conduction-convection) of melting is clearly visible at Da= 10-4. A further increase in Da will
assist the liquid nano-PCM motion inside the porous medium with less resistance, thus establishing
a strong convection current, which can be observed from the convection regime of melting at Da=
10-3, 10-2, 10-1, and 100.
The results obtained from the scale analysis, presented in Eq. (48), predict an increase in the
average thickness of the melted region with increasing Da. The validity of this prediction can be
observed by comparing the results in Fig. 5-6 with the scale analysis results. It is observed in Eq.
(48) that for a given Ste*×Fo, the average thickness of the melted region Davg depends on Ra-1/2
and (Ra Da)-1. The term Ra Da is the Darcy modified Rayleigh number [88]. In the limits of a
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small Da (i.e. Da→0) and a large Da (Da→∞), one can recover the expressions of Davg , which
was presented in the literature using scale analysis for a Darcy porous medium [88], and a nonporous medium [87], respectively.

10-8

10-7

10-6

10-5

10-4

10-3

10-2
10-1
Da=100
Figure 5-6 Isotherms and streamlines for different values of Da, at Ra= 106, ϕ= 20%, and Ste*×Fo= 0.05

5.6.3. Impact of ϕ on the Melting Process
The discussion presented in Section 5.6.2 is further elaborated on by showing the influence of the
nanoparticle volume fraction ϕ on the melting process of the nano-PCM inside the enclosed space.
Results are presented in Fig. 5-7 for the three selected values of ϕ (0%, 10%, and 20%) and Da
(10-7, 10-4, and 10-1), while Ra is kept constant (106). It should be noted that the parameter ϕ does
not appear directly in the expressions derived in Sections 4.1 to 4.3 using scale analysis. Instead,
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ϕ appears inside the dimensionless numbers (i.e. Ste*, Fo, and Ra) through its appearance in the
thermophysical property relationships, as provided in Eq. (6) to Eq. (13). The magnitudes of the
thermophysical properties increase with an increasing ϕ. Therefore, any change in ϕ influences the
melting process, as can be observed in Fig. 5-7. The three Das selected in Fig. 5-7 cover the
conduction, transition, and convection regimes of melting for the given Ra. The improvement in
the melting process with higher values of ϕ is clearly visible in Fig. 5-7. At Da= 10-7, the melting
process for all three ϕs is dominated by conduction. A slight improvement in the melt fractions at
ϕ= 10% and ϕ=20% are observed over the base case (ϕ= 0%). Such improvements in the melting
process are due to the increase in the thermal conductivity of the nano-PCM as ϕ increases. A
considerable improvement in the melting process is observed at a high Da ( 10−1 ) where convection
dominates the melting process significantly.
Da =10-7

Da =10-4

Da =10-1

ϕ= 0%
Ste*×Fo=
0.0374

ϕ= 10%
Ste*×Fo=
0.045

ϕ= 20%
Ste*×Fo=
0.0533

Figure 5-7 Temperature and streamlines at Ra=106 for different values of ϕ (0% at Ste*×Fo= 0.0374, ϕ= 10%
at Ste*×Fo= 0.045, and ϕ= 20% at Ste*×Fo= 0.0533) and Da (10-7, 10-4, and 10-1)
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5.6.4. Average Nusselt Number
The average Nusselt number is calculated using Eq. (21), and its variations are reported in Figs. 58, 5-9, 5-10, and 5-11 as a function of Ste*×Fo. Initially, for a special case of a non-porous medium
(Da→∞) filled with a base PCM (ϕ= 0%), Nu is plotted in Fig. 5-8 for Ra= 105 and 106. It is then
compared with the results reported by Jany and Bejan [87]. A good agreement was observed
between the present prediction and the results obtained by Jany and Bejan [87] for the selected
Ras.
30
Ra=105 (Current Prediction)
Ra=106 (Current Prediction)
Ra=105 (Jany and Bejan [87]
[35])
6
Ra=10 (Jany and Bejan [87]
[35])

25

= 
Da→

Nu

20

15

10

5

0

0

0.02

0.04

0.06

0.08

0.1

Ste Fo

Figure 5-8 Comparison between the present prediction and Jany and Bejan's [87] for Nu as a function of
Ste×Fo for different Ras

Figure 5-9 shows the effect of Ra on Nu during the melting process of the nano-PCM (ϕ= 20%)
inside a porous medium (Da= 10-5). At the beginning of the melting process, conduction dominates
and Nu drops rapidly as time advances. The variation in Nu is independent of Ra at the earlier stage
of the melting process, which can be confirmed by the scaling relationship (Eq. 29) developed
previously for the conduction regime. However, the difference in Nu can be clearly observed at
higher values of Ste*×Fo where convection dominates the melting process. The heat transfer rate,
as well as Nu, is higher at a larger Ra. The scaling relationship between Nu and Ra obtained in Eq.
44 for the convection regime also confirms the trend in Fig. 5-9.
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Da=10-5,Ste*=10-1, =20%
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Ra=5*10
Ra=107
Ra=5*106
Ra=106

5
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0.01
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Ste Fo

Figure 5-9 Nu as a function of Ste*×Fo for different values of Ra at Da= 10-5, Ste*= 10-1, and ϕ= 20%

The influence of Da on Nu is revealed in Fig. 5-10 where Nu is plotted as a function of Ste*×Fo
for three cases of Da (=10-3, 10-5, 10-7) at Ra= 107 and ϕ= 10%. As observed in Figs. 5-6 and 5-7,
the thermal fields inside the enclosure show a conduction like pattern at lower Das. Therefore, Nu
decreases with an increasing Ste*×Fo at Da= 10-7 and 10−5 . However, at Da= 10-3, the effect of
transition and convection on Nu variation can clearly be observed in Fig. 5-10. At Da= 10-3, Nu
dropped rapidly at the beginning of the melting process (conduction regime) and reached a
minimum value. For a smaller time interval, Nu increased at a faster rate (transition regime).
Beyond this point, a slower increase in Nu with Ste*×Fo was observed (convection regime).
60

50
Ra=10 , Ste =10 , =10%
7

Nu

40

*

-1

Da=10-3
Da=10-5
-7
Da=10

30

20

10

0

0

0.005

0.01

*

0.015

Ste Fo

Figure 5-10 Nu as a function of Ste*×Fo for different values of Da at Ra= 107, Ste*= 10-1, and ϕ= 10%
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The influence of ϕ on Nu versus Ste*×Fo is revealed in Fig. 5-11 at Ra= 106 and Da= 10-2. Adding
metallic nanoparticles improves the thermal conductivity of the base PCM as stated in [147] and
as shown in Table 5.3. The improved thermal conductivity of the nano-PCM enhanced the heat
transfer rate, which increases Nu. Increasing Nu after adding nanoparticles to the base PCM is
predicted in Eqs. (29), (37), and (44) in the scale analysis section.

60
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Ra=10 , Da=10 ,Ste =10
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=
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Ste Fo

Figure 5-11 Nu as a function of Ste*×Fo for different volume fractions ϕ at Ra= 106, Ste*= 10-1, and Da= 10-2

5.6.5. Impact of ε on the Melting Process
The impact of porosity on the melting of the nano-PCM is presented in Fig. 5-12 for Ra= 6.7×105,
Da= 0.25, ϕ= 5%, and Ste*×Fo= 7.7, as well as for four different values of ε (0.7, 0.8, 0.9, and 1.0
(Da→∞)). This impact was presented in the form of temperature contours and streamlines. Figure
5-12 reveals that increasing the porosity strengthens the convective motion of the liquid nanoPCM inside the cavity. The liquid-solid interface moved slightly to the right with increasing
porosity of the porous medium.
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(a) ε =0.7

(b) ε =0.8

(c) ε =0.9

(d) ε =1.0

Figure 5-12 Temperature and streamlines at Ra= 6.7×10 , Da= 0.25, ϕ= 5%, and Ste*×Fo= 7.7 for different
values of ε (a) 0.7, (b) 0.8, (c) 0.9, and (d) 1.0
5

5.7. Conclusions
The influence of utilizing metallic nanoparticles and a porous medium on the melting of a PCM is
investigated in this work. Numerical results were obtained for a square enclosure filled with a
porous medium saturated with a nano-PCM. The left vertical wall of the enclosure was
isothermally heated while the other walls were adiabatic. The finite element method was used to
solve the non-dimensional governing equations for the non-Darcian flow (the Darcy-Brinkman
model). The melting process was investigated for a wide range of non-dimensional parameters
(Ra, Da, and ϕ), for Ste*= 10-1 and for ε= 0.98. A reasonable validation was achieved with previous
works.
The results clarify how the melting process is affected by Ra, Da, and ϕ. Ra increases the
convection effect, leading to a faster melting rate. Furthermore, the melting rate improves with an
increasing Da. At lower Da values, the porous medium restricts the convection currents; therefore,
a reduction in Nu is observed with a decreasing Da since the convection effect is reduced. Adding
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nanoparticles to the base PCM improves the thermal conductivity of the PCM and consequently
improves the melting process. As well, adding nanoparticles increases the viscosity of the
nano-PCM when compared to the base PCM. However, the strong natural convection currents
could not be restricted by the increased viscosity. The energy streamlines show that when
conduction is the dominant mode of heat transfer, the heat transferred from the left hot wall only
melts the solid nano-PCM. While in the convection regime, the transferred heat both heats up the
liquid nano-PCM and melts the remaining solid nano-PCM. The scale analysis was successfully
implemented to predict the melting behavior. The numerical results show a good agreement with
the scale analysis results.

Nomenclature
b

height of the convection dominated liquid region (m)

cp

specific heat at constant pressure (J/kg K)

D

melting front position, m

Da

2
Darcy number based on the enclosure size, Da = K / L

Dab

Darcy number based on the height of the convection dominated liquid region, Da= K⁄b2

Fo

Fourier number, Fo= keff t/( ρ cp )nf L2 = αeff t⁄L2

g

gravitational acceleration (m/s2)

h

convection heat transfer (W/m2)

hf

latent heat of fusion (J/kg)

K

permeability (m2)

k

thermal conductivity (W/(m K))

L

enclosure height (m)

l

width of the remaining solid (m), dimensionless melting front position

Nu

Nusselt number, defined in Eq. (19)

P
p

dimensionless pressure

Pr

Prandtl number, Pr= υnf ⁄αeff = μnf ⁄ρnf αeff

Q

total heat transfer rate per unit width (W/m)

Q̇ ''

heat transfer flux rate (W/m2)

pressure (Pa)
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Ra

Rayleigh number based on the enclosure size, Rab = g (ρ β)nf L3 ( Th -Tm )⁄μnf αeff

Rab

Rayleigh number based on the height of the convection dominated liquid region,
Rab = g (ρ β)nf b3 ( Th -Tm )⁄μnf αeff

(Th − Tm )

Ste

Stefan number, Ste = c p

Ste*

modified Stefan number for the porous medium case, Ste*= Ste⁄ε =cpnf (Th -Tm )/ε hfnf

T

temperature (K)

t

time (s)

U

dimensionless volume-averaged velocity of the liquid nano-PCM in the X-direction

u

volume-averaged velocity of the liquid nano-PCM in the x -direction (m/s)

V

dimensionless volume-averaged velocity of the liquid nano-PCM in the Y-direction



volume-averaged velocity of the liquid nano-PCM in the y -direction (m/s)

X

dimensionless horizontal coordinate

x

horizontal coordinate (m)

Y

dimensionless vertical coordinate

y

vertical coordinate (m)

z

the height of the remaining solid portion in the enclosure (m)

nf

hf

nf

Greek Symbols


thermal diffusivity (m2/s)



coefficient of thermal expansion (1/K)

δb

thermal boundary layer thickness in convection zone of height b (m)

δT

thermal boundary layer thickness (m)

ε

porosity



dimensionless temperature



dynamical viscosity (Pa s)



density (kg/m3)



the ratio of the heat capacitances of the porous medium and the nano-PCM, σ=
( ρ cp )eff ⁄( ρ cp )nf



kinematic viscosity (m2/s)
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ϕ

volume fraction of nanoparticles

Subscripts
avg

average

cond

conduction

conv

convection

f

PCM

eff

effective nano-PCM properties inside the porous medium

h

hot

lat

latent

m

melting temperature

n

nanoparticle

nf

nano-PCM

s

solid porous medium
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Chapter 6
6. An Experimental Investigation of the Melting Process of a BioBased Nano-PCM Inside an Open Cell Metal Foam
6.1 Introduction
A shortage of fossil fuels has increased the demand to find other sources of energy. Solar energy
has already exhibited the potential to be utilized as a long-term form of renewable energy.
Although solar energy is renewable, free, and clean [7], fluctuations in solar radiation represent a
major obstacle in finding a way to utilize it effectively at any time. The lack of insolation during
nights or unclear skies reduces the effectiveness of a continuous use of solar energy. This limitation
has encouraged many researchers to find techniques to store solar energy during the day time when
it is abundant, and then release the stored energy when it is scarce. Thermal Energy Storage (TES)
systems are one of the preferred options to store excess solar energy. TES systems may be broadly
classified into Sensible Heat Thermal Energy Storage (SHTES) systems, Latent Heat Thermal
Energy Storage (LHTES) systems [148], and Thermochemical Energy Storage systems [148,149].
Phase Change Material (PCM), which is the principle component of an LHTES system, has the
advantage of being able to store/release high amounts of thermal energy per kg for a smaller
volume of PCM at a constant temperature [16, 150]. Many studies have been conducted to
investigate the use of PCMs to improve the performance of solar-thermal system applications, such
as solar heating [151], absorption cooling systems [152], greenhouses [153], solar dryers [154],
and more recently, battery thermal management [155]. The application of PCMs to reduce energy
consumption in buildings has also been studied [156]. PCMs, however, experience low thermal
conductivity, which slows the rate of the phase change process [151, 157]. This process ranges
between 0.15 and 0.3 W/m K for organic materials, and between 0.4 and 0.7 W/m K for salt
hydrates [8]. Immersing metallic metal foam in the PCM [158], dispersing nanoparticles [157] and
nanotubes [159], using fins [160, 161], encapsulation of PCMs [98], and microencapsulation of
PCMs [99] are a few techniques that have been examined by researchers to enhance the thermal
conductivity of PCMs.
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Table 6.1 summarizes some key features and important findings from selected previous studies on
the phase change processes of nano-PCMs inside metal and non-metal foams, while Table 6.2
summarizes the effect of a metal foam on the phase change processes of PCMs.
Table 6.1 Summary of previous studies on the effect of suspending nanoparticles in PCM embedded in metal
and non-metal foams on phase change process
Reference
Hossain et al.
[80]

PCM/ Metal Foam/
Nanoparticles
Copper oxide nanoparticles
dispersed in Cyclohexane
(5, 10, 15, and 20% volume
fraction)/ aluminum foam
(85 and 95% porosity)

Highlights

Findings

Square cavity; isothermal •
top; numerical study
•
•

Tasnim et al.
[81]

Alshaer et al.
[82]

Alshaer et al.
[83]

•

Copper oxide nanoparticles
dispersed in Cyclohexane
(10% volume fraction)/
aluminum foam
(10% porosity)

Square cavity; isothermal
one vertical side; numerical
study

Carbon
nano-tubes
dispersed in Rubitherm-65/
carbon foams:
Partially
graphitized
carbon foam type CF-20
with a porosity of 88%,
carbon foam type KL1-250
with a porosity of 89%
Carbon
nano-tubes
dispersed in Rubitherm-65
/ Carbon Foam
(55, 65, 75, and 88%
porosity)

rectangular
enclosure;
isofluxly heated from
below and isothermally
cooled
from
top;
experimental study

•

rectangular
enclosure;
isoflux
bottom
and
isothermal top; numerical
study

•

•

•
•

•

nanoparticles
in water /
foam
98%

Square enclosure;
•
Isothermal one vertical
wall; numerical study
•

Alshaer et al. Multi-Walled
Carbon
[163]
Nanotube
(MWCNT)
dispersed in Rubitherm-65 /
Partially graphitized carbon
foam type CF-20 with a
porosity of 88%, carbon
foam type KL1-250 with a
porosity of 89.6%

rectangular
enclosure; •
isoflux
bottom
and
isothermal
top;
experimental study
•

Al-Jethelah
al. [162]

et Alumina
dispersed
aluminum
porosity
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The addition of metal foam
and nanoparticles accelerated
the melting rate.
Higher porosity required
higher thermal energy to melt
the nano-PCM
Higher volume fractions of
nanoparticles reduced the
melting process time.
The presence of nanoparticles
reduced both convection and
conduction.
The melting process
deaccelerated when
nanoparticles were added.
Using metal foam enhanced
the heat transfer.
The surface temperature was
reduced.
Better controlling of the
power loads.
For porosities less than 75%,
a 11.5% reduction in the
surface temperature was
observed.
For a porosity of 88%, a 7.8%
reduction in the surface
temperature was observed.
The melting rate improved by
increasing Ra, Da, and the
volume fraction.
Nu increased with increasing
Ra and decreasing Da.
The temperature of the
module, electronic device,
decreased when using carbon
foam.
The temperature was also
decreased when MWCNT
was dispersed.

PCM/ Metal Foam/
Nanoparticles
Mahdi
and Alumina
dispersed
in
Nsofor [164]
Rubitherm-82 (0,1, 3, and
5%
volume
fraction)/
copper foam
(40 PPI, 0, 95, and 98%
porosity)
Reference

Mahdi
and Alumina
dispersed
in
Nsofor [165]
Rubitherm-82 (0, 1, 3, 5,
and 8% volume fraction)/
copper foam
(40 PPI, 0, 95, and 98%
porosity)

Highlights

Findings

Triplex-tube
storage •
system; the inner and outer
tube
surfaces
are
isothermal;
numerical •
study

Triplex-tube
storage •
system; the inner and outer
tube
surfaces
are
isothermal;
numerical
study

Up to 90% of the melting time
was saved when nanoparticles
and foam were used.
To reduce the melting time,
the authors recommended a
low volume fraction of
nanoparticles and a high
porosity metal foam.
Dispersing nanoparticles and
using metal foam reduced the
solidification time up to 96%.

Table 6.2 Summary of previous studies on the effect of embedding PCM in metal foams on phase change
process
Reference
Yang et al.
[166]
Zhang and He
[167]

Yilbas et al.
[168]

Sefidan et al.
[169]

Jourabian et al.
[94]

PCM/Metal Foam
Paraffin wax/
copper foam (20 PPI, 92%
porosity)
Paraffin wax/
Aluminum foam (5 PPI)
Foam with homogenous
porosity (85.9% – 91.3% –
95.8%).
Foam
with
porosity
varying linearly from
85.9% to 95.8%.

Highlights
Rectangular
shell-tube •
unit; isothermal side;
experimental study
Rectangular enclosure; •
isoflux one vertical side;
combination study
•

n-octadecene/
aluminum
foam
configuration
and
aluminum
mesh
configuration
Rubitherm-35
and
Rubitherm-50
porous matrix of high
thermal conductivity (60,
70, 80, and 90% porosity)
Ice/
nickel–steel (85, 95 and
100% porosity)

Rectangular
thermal •
storage unity; isothermal
one
vertical
side;
combination study

•

Rectangular
channel; •
internally
cooled
at
constant
temperature; •
numerical study
Horizontal elliptical tube;
numerical study

•

•

Deng
[170]

et

al.

Lauric acid/
porous
structure

aluminum

Rectangular
cavity;
isothermal one vertical
side; numerical study
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•

Findings
Melting time was reduced by 1/3
compared to the base PCM.
The stored energy density
increased with an increase in the
porosity.
Gradient of the porosity increased
the rate of heat storage.
Conduction dominated the heat
transfer for the case of
homogenous foam with porosity
less than 91.3%.
The melting time shortened with
the presence of the aluminum
mesh.

Reducing the porosity accelerated
the rate of solidification.
Natural convection can be
neglected through the metal
foam.
The effective thermal
conductivity and melting rate
increased when decreasing the
porosity.
With the presence of the metal
foam, the melting rate increased
despite the reduction in the
natural convection.
The melting interface and the
liquid fraction evolved faster in
the presence of the metal foam.

Reference

PCM/Metal Foam
(60, 70 and 75% porosity)

Highlights
•

Zhang et al.
[171]

Paraffin/
Copper foam (25 PPI,
97% porosity)

Rectangular enclosure; •
isoflux side; combination
study

Chen
[172]

styrene-b-(ethylene-cobutylene)-b-styrene
(SEBS)/paraffin/
highdensitypolyethylene
(HDPE)/
Copper foam (20 PPI,
98% porosity)
paraffin wax/
aluminum foam (5, 10,
and 20 PPI, 90% porosity)

experimental study

et

al.

Zhu et al. [173]

Gopalan and
Eswaran [174]

n-eicosane/
porous
aluminum
structure
(85%, 90%, and 95%
porosity)

•

2-D enclosure; isoflux at •
one side and isothermal
the other side; numerical
study
rectangular
enclosure; •
isoflux bottom; numerical
study

Findings
Smaller pores in a porous metal
foam improved the melting
process.
The paraffin/copper composite
had a better heat transfer
performance than the pure
paraffin.
The thermal conductivity of
SEBS/paraffin/HDPE was
increased from 0.272W/m K up to
2.142W/m K by imbedding
copper foam in the composite.

Increasing the PPI enhanced the
thermal response of the PCMfoam composite.
The heat sink performance was
enhanced by using the PCM and
the porous media.

Phase change processes (i.e. melting and freezing) have been topics of discussion in a large number
of published articles in the recent literature. The goal of these articles is to analyze and understand
the phase change characteristics for a wide range of PCMs, both in their pure forms or with
additives, inside different types of enclosures subjected to different initial and boundary conditions
[58, 175]. Nevertheless, only a small number of articles have been devoted to studying the melting
process of nanoparticle/nanotube-enhanced phase change materials inside a porous medium. The
key features, highlights, and important findings of selected articles are presented in Table 6.1. Up
to the submission time of this work, the authors were unable to find published articles in the
literature which investigated the melting process of bio-based nano-PCMs inside an enclosure with
a high porosity open cell metal foam subjected to a constant heat flux thermal boundary condition.
This is the primary motivation behind the current experimental study.
The authors’ earlier published work [162] presented comprehensive numerical simulations and a
scale analysis to study the melting process of nanoparticle-enhanced phase change materials (i.e.
copper and Al2O3 dispersed in water) inside a Darcy-Brinkman porous medium subjected to an
isothermal boundary condition. Different melting regimes were identified in [162] based on the
numerical simulations, and correlations were proposed as well from the scale analysis. In contrast,
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the current experimental work reports on the melting of a bio-based nano-PCM in an open cell
metal foam subjected to a constant heat flux boundary condition.

6.2 Experimental Work
The melting process of a bio-based nano-PCM (CuO nanoparticles dispersed in a coconut oil
PCM) embedded in aluminum foam was experimentally investigated in the present work.
Thermophysical properties of the coconut oil, CuO, and aluminum are presented in Table 6.1. The
thermophysical properties were directly measured in our labs at the Advanced Energy Conversion
and Control Lab, the Bio-Innovation Research Lab, and the Food Research Lab. Measurements
were performed for ϕ= 0 to 1%. KD2 Pro and TPS-500 were used to measure the thermal
conductivity. A Rotational Viscometer and a Vibration Viscometer were used to measure
viscosity. A DMA 35 Density meter was used to directly measure the density. A Differential
Scanning Calorimeter was used to measure the specific heat and the heat of fusion.
Table 6.3 Thermophysical properties of coconut oil, CuO, and aluminum

Properties
(units)
ρ (kg/m3)
μ (N s/m2)
cp (kJ/kg K)
k (W/m K)
β (1/K)
hf (kJ/kg)
Pr
Tm (Tm)

Coconut Oil (Measured)
Solid (15oC)

Liquid (32oC)

920
3.75
0.228

914
0.0326
2.01
0.166
0.710-3
103
394.73
o
24 C (1oC)

CuO
nanoparticles
[109]
6500.0
--0.540
18.0
8.510-6
-------

Aluminum
[145]
3970.0
--0.765
40.0
0.8510-5
-------

The experimental setup consisted of a rectangular enclosure, an electrical heater, a variable
transformer, insulation, thermocouples, a data acquisition system, a digital camera, and a frame as
shown in Fig. 6-1. Five walls of the rectangular enclosure were made from acrylic. The interior
dimensions of the rectangular enclosure were 7.2 cm  6.2cm  5 cm, respectively. To avoid a
build-up in pressure due to the expansion of the nano-PCM during melting, three holes were drilled
in the upper surface of the enclosure at 1 cm, 2.5 cm, and 4 cm away from the right side of the
enclosure. Tubes were inserted inside these holes to contain the expanded liquid nano-PCM during
the experiment. The sixth side, i.e. the left vertical side, of the enclosure was covered with an
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aluminum plate (9.2 cm  8.2 cm  0.043 cm) on which the electrical heater was fixed. The
electrical heater (an Omega LUX- SRFG-202/10-P) supplied the enclosure with a constant heat
flux. The resistance of the electrical heater was 341.7  and its dimensions were 2.54 cm  2.54
cm. To control the supplied electrical power, a variable transformer was used. Four sides of the
enclosure, i.e. the top, bottom, right and back, were insulated using Polystyrene that was 2.54 cm
thick to reduce the heat loss from the enclosure to its surroundings. The front wall was kept
uncovered at the time to capture the evolution of the melting process of the nano-PCM. Three Jtype thermocouples were used to measure the temperature; two thermocouples were inserted inside
the aluminum plate, and one was inserted inside the nano-PCM and metal foam combination. The
aluminum plate thermocouples were 0.043 cm apart; each one of them was 0.01 cm from the inner
and outer surfaces of the plate, and 0.266 cm from the left and bottom edges of the plate. The
thermocouple inside the nano-PCM and metal foam combination was fixed 0.01 cm away from
the inner right wall of the enclosure, and halfway between the front and rear walls of the enclosure.
The data acquisition system consisted of a compact 4-Channel DAQ system from National
Instrument (NI-9211) to support the thermocouple input. LabVIEW software from National
Instruments was used to record and process the temperature data. In order to capture the progress
of the melting process, a digital camera (Canon EOS rebel T5) was used. The camera was
connected to a laptop where the captured images were stored. The images were captured at twominute intervals until full melting was achieved. A frame made of aluminum was designed and
built to fix the enclosure on it.
In this study, 0.25 g of CuO nanoparticles (Sigma Aldrich) with a size of 50 nm were dispersed in
250 g of liquid coconut oil (Desi) at 35oC. The weight fraction of this combination was 0.1%. The
CuO and coconut oil were continuously mixed using a magnetic stirrer (Thermo Fisher Scientific,
Model No: SP88854100) at 35oC for 24 hours. The mixing temperature was fixed at 35oC, which
was 11oC above the melting temperature of the coconut oil. This kept the coconut oil in a liquid
form throughout mixing. The nano-PCM was poured inside the enclosure where the aluminum
foam had already been placed. The liquid PCM filled porous enclosure was initially kept in a
cooling chamber for a prolonged period of time to allow solidification of the PCM. A small
shrinkage in the PCM was observed at the top of the enclosure after solidification. This was filled
with an additional amount of liquid PCM, followed by subsequent cooling in the cooling chamber.
An initial temperature of 20C was selected for this experiment. This initial temperature was used
for all experiments in this study. The enclosure was removed from the cooling chamber and
immediately fixed on the setup frame. A pre-selected voltage was applied to the electric heater
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using the variable transformer to start the experiment. Image capturing with the digital camera,
and temperature measurements using thermocouples were started at the same time.
It is worth mentioning that it became difficult to capture the image of the nano-PCM and metal
foam combination due to the dark color of the nano-PCM, specifically, at higher weight fractions
of the nanoparticles. Therefore, a low weight fraction (i.e. 0.1%) of nanoparticles was selected. At
the end of each experiment, a very small amount of sedimentation was observed. In order to run
the subsequent experiment, the nano-PCM was completely drained and stirred/sonicated again for
24 hours. The uncertainty calculations are reported in Table 6.4.

(a)
3
4

2

5
1

6

7
8
(b)
Figure 6-1 (a) Schematics of the complete experimental setup (b) photograph of the setup (1- data display, 2test stand, 3- vent, 4- enclosure, 5- insulation, 6- variable transformer, 7- digital camera, 8- DAQ)
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Table 6.4 Uncertainty analysis of the measurement devices

Sensors and equipment

Accuracy,

J-type thermocouples

± 1.1 °C

DAQ system

± 0.05 °C

Variable transformer

± 0.5 V

Image

Uc

Measured
value ( x )

Relative uncertainty

Tmax = 50oC
Tmin = 20oC
Tmax = 50oC
Tmin = 20oC
Vmax= 50 V
Vmin= 30 V

(Uc x )
±2.2 %
±5.5 %
±0.1 %
±0.25 %
±1.0 %
±1.7 %

the distance between the
digital camera and the
enclosure

± 0.05 cm

53.34 cm

±0.09 %

crop the image

± 0.005 cm

5.0  3.5 cm

±0.1 % 
0.14%

±0.19 %
 0.23%

The other uncertainty that was associated with the melt fraction calculations was caused by human
error. In order to calculate the melt fraction, Grafula software was used to locate the liquid-solid
interface by sweeping the image of the interface using the mouse curser. This process is affected
by any shaking of the hand. The uncertainty of the melt fraction calculation is 0.5%.
6.2.1. Discussion of Images: PCM Embedded in Metal Foam
Figure 6-2 shows the progression of the melting process of the base PCM (i.e. ϕw = 0 wt. %) inside
the aluminum metal foam when a heat flux of 1020 W/m2 was applied (i.e. the Rayleigh number
is 3.59108) to the left wall of the enclosure. The corresponding values of the percentage melt
fractions are presented as well. The liquid fraction percentage (MF %) can be calculated as follows:

MF =

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

(1)

During the melting process, the PCM appeared to pass through six stages. These melting stages
were observed in the captured images and are described and discussed below:
Stage 1: The initial image of the solid PCM filled enclosure at ~ 20C is shown in Fig. 6-2(a). The
heat transfer process started at the left vertical wall of the enclosure immediately after turning on
the heater. As the initial temperature of the solid PCM is below its melting point, the heat is
transferred sensibly to the PCM by conduction, raising the temperature of the PCM close to the
left wall faster than the PCM in the other part of the enclosure. Because of the higher effective
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thermal conductivity of the metal foam and PCM combination, the heat transfer rate is expected
to be faster than in a case with a pure PCM only (see Fig. 6-6 for further details).
Stage 2: Shortly after the start of the thermal energy transfer, a very thin layer of liquid PCM
appeared at the left vertical wall, which is parallel to the vertical walls of the enclosure as can be
observed in Fig. 6-2(b), MF= 2.27%. The melting process at this stage is dominated by conduction
and the thin liquid layer is expected to remain almost motionless because of the viscosity of the
PCM. Sensible heat transfer characterizes the remaining solid PCM, raising its temperature slowly
as time progressed.
Stage 3: The thin layer of liquid PCM observed in Stage 2 grew thicker as time advanced, opening
up spaces to establish motion in the liquid due to the buoyancy effect. The buoyancy force grew
stronger as the temperature continued to build up in the vicinity of the left vertical wall. This effect
is initially observed in the upper part of the liquid PCM in Fig. 6-2(c), MF= 34.68%, where the
convection current establishes a wider circulatory region and a deformed liquid-solid interface.
However, the bottom part was still dominated by conduction and characterized by a straight
interface. This stage of the melting process is due to the simultaneous effects of convection and
conduction and can be identified as the mixed conduction-convection regime (or transition regime)
of melting [162]. With the advancement of time, the upper circulatory part grew in size and
extended towards the bottom part of the enclosure, Fig. 6-2(d).
Stage 4: Figure 6-2(d), MF= 50.31 %, represents the end of the transition regime or the beginning
of the dominance of convection, which can be further visualized by observing the shift in the shape
of the melting interface in Fig. 6-2(e), MF= 55.54 %. The buoyancy force pushed the liquid PCM
in an upward direction near the hot wall, while it was pushed in a downward direction near the
liquid-solid interface. Thermal energy carried by the hot liquid PCM was gradually released at the
liquid-solid interface while moving downwards. More thermal energy penetrated the upper part of
the interface when compared to the lower part, resulting in a larger melt region at the top and
gradually shrinking liquid regions at the bottom of the enclosure. The ongoing convectiondominated melting process pushed the interface towards the right vertical wall, Fig. 6-2(f), MF=
83.71 %, and ended once the uppermost part of the interface touched the top-right corner of the
right wall. A better heat transfer is expected here in comparison with the PCM only situation, as
the effective thermal conductivity is higher for the PCM and metal foam combination than the
PCM only situation, Fig. 6-8(b). Although a metal foam with a higher porosity (i.e. 92%) and a
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lower pore density (i.e. 5 PPI) was considered, the liquid PCM still experienced some resistance
when compared to the pure PCM situation. Therefore, due to the combination of a higher effective
thermal conductivity and flow resistance, the liquid-solid interface is less curved than the interface
observed in the pure PCM situation (Fig. 6-6).
Stage 5: The remaining solid PCM gradually melted as the melting process continued. However,
the height of the solid PCM shrank as the time advanced, Fig. 6-2(g), MF= 94.93 %. This regime
of melting can be identified as the variable height or shrinking solid melting regime [162]. The
melting process is slower due to the shrinking interface area and more thermally stratified liquid
over the top of the remaining solid PCM. Melting in this regime ended once 100% of the enclosure
was filled with the liquid PCM, Fig. 6-2(h).
Stage 6: Subsequent heat transfer occurred sensibly in the liquid PCM only, Fig. 6-2(h), MF=
100%. As this is a case of constant heat flux, the temperature of the liquid PCM increased as the
heating continued.

(a) 0 s, MF= 0.00%

(b) 1440 s, MF= 2.27%

(c) 3420 s, MF= 34.68%

(d) 4140 s, MF= 48.89 %

(e) 4320 s, MF= 55.54 %

(f) 4860 s, MF= 83.71 %

(g) 5040 s, MF= 94.93 %

(h) 5400 s, MF= 100%

Figure 6-2 Evolution of melting process of a pure PCM at heat flux (q̇ '') of 1020 W/m2 (Raϕw =0% = 3.59108)
(ϕw = 0 %, ω= 5 PPI, and ε= 92 %)
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Experiments were repeated for two additional Rayleigh numbers (i.e. 6.38108 and 9.97108) for
the base PCM and metal foam combination by increasing the magnitude of the heat flux (i.e. 1814
W/m2 and 2835 W/m2) at the left vertical wall. Rayleigh numbers were defined based on the
properties of the base PCM. Some selected images representing the melting progression at the
studied Rayleigh numbers are presented in Fig. 6-3. Images were selected to show the melting
stages for selected times at two different Rayleigh numbers; for example, the interface location
and melt fraction at 1080 s is presented in Fig. 6-3(b) (MF = 16.62%) for Raϕw =0% = 6.38108,
while Fig. 6-3(f) (MF= 28.89%) for Raϕw =0%= 9.97108. Note that the parameter Raϕw =0% is used
in several places in this study to represent the Rayleigh number, which is calculated based on the
thermophysical properties of the base PCM. The melting progression stages were similar to what
was observed previously for Raϕw =0%= 3.59108 in Fig. 6-2; however, a faster melting rate is
observed due to the higher heat transfer associated with the higher Rayleigh number.

360 s

1080 s

1440 s

2160 s

(a) MF= 1.14%

(b) MF= 16.62%
(c) MF= 26.26%
q  = 1814 W/m2 (Raϕw=0% =6.38108)

(d) MF= 46.58%

(e) MF= 3.31%

(f) MF= 28.89%
(g) MF= 43.62%
q̇ ''= 2835 W/m2 (Raϕw=0% = 9.97108)

(h) MF= 93.99%

Figure 6-3 Evolution of melting of a pure PCM at heat flux (q̇ '') of 1814 W/m2 (Raϕw =0% =6.38108) and heat
flux (q̇ '') of 2835 W/m2 (Raϕw =0% =9.97108) when ϕw = 0 %, ω= 5 PPI, and ε= 92 %
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6.2.2. Discussion of Images: Nano-PCM Embedded in Metal Foam
Adding nanoparticles with high thermal conductivity to a base PCM increases the thermal
conductivity of the resulting nano-PCM. Increasing the thermal conductivity improves the heat
transfer rate [176]. Figure 6-4 shows the progression of the melting process of a nano-PCM (i.e.
ϕw = 0.1 wt. %) immersed in an aluminum metal foam (ω= 5 PPI, ε= 92 %) at a heat flux of 1020
W/m2, i.e. Raϕw =0%= 3.59108, which was applied to the left wall of the enclosure. The selected
images were at four different times: 0, 1440, 3420, and 4140 s. The melting process of the nanoPCM in metal foam had similar stages to the melting process of the base PCM in metal foam. By
comparing Fig. 6-4 with Fig. 6-2, it can be observed that adding nanoparticles into the base PCM
accelerated the melting rate as expected. Figure 6-5 shows the acceleration in the melting rate
when the heat flux is increased (i.e. a higher Rayleigh number) at the same time.

(a) 0 s,
MF= 0%

(b) 1440 s,
MF= 4.43%

(c) 3420 s,
MF= 35.00%

(d) 4140 s,
MF= 50.53%

(e) 4320 s,
(f) 4860 s,
(g) 5040 s,
(h) 5400 s,
MF= 55.70%
MF= 85.59%
MF= 95.05%
MF= 100%
Figure 6-4 Evolution of melting of a pure PCM at heat flux (q̇ '') of 1020 W/m2 (Raϕw =0% = 3.59108) (ϕw = 0.1
%, ω= 5 PPI, ε= 92 %)
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360 s

(a) MF= 1.37%

1080 s

1440 s

(b) MF= 17.40%
(c) MF= 31.93%
2
q̇ ''= 1814 W/m (Raϕw=0% =6.38108)

2160 s

(d) MF= 53.79%

(e) MF= 10.04%

(f) MF= 40.60%
(g) MF= 58.78%
(h) MF= 100%
q̇ ''= 2835 W/m2 (Raϕw=0% =9.97108)
Figure 6-5 Evolution of melting of a pure PCM at heat flux ( q ) of 1814 W/m2 (Raϕw =0% = 6.38108) and heat
flux (q̇ '') of 2835 W/m2 (Raϕw =0% = 9.97108) when ϕw = 0.1 %, ω= 5 PPI, and ε= 92 %

6.2.3. Comparison: Pure and Nano-PCM With and Without Metal Foam Combination
A large number of research articles are available in which the images of the melting progression
of numerous pure PCMs have been presented for different types of boundary conditions. Few
articles have been devoted to observing images of nano-PCMs. The authors of the current work
were unable to find published results for a coconut oil PCM and CuO nanoparticles dispersed in a
coconut oil PCM. Therefore, two additional experiments were conducted to capture the melting
images for the above-mentioned cases by applying a wall heat flux of q̇ ''= 2835 W/m2. Some
selected images are shown in Fig. 6-6 for two selected times (1080 s and 1800 s). Additionally,
images captured for the pure PCM and the nano-PCM inside metal foam (ω= 5 PPI, ε= 92 %) in
earlier experiments were added to Fig. 6-6 for comparison. At 1080 s, Fig. 6-6(a) shows that adding
nanoparticles slightly improved the melting process, with MF = 21.2% for the base PCM and MF
= 22.93% for the nano-PCM. In comparison, using the metal foam has a more significant impact
on the melting process, resulting in MF = 28.89% for the base PCM and MF = 38.38% for the
nano-PCM. The presence of the metal foam highly increased the thermal conductivity of the
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composite. However, for the case of the nano-PCM inside the porous medium, it is possibility for
the nanoparticles to deposit on the pore surface in the form of a surface deposition or to create a
particle bridge across the pore. In both of these cases, it is possible for the effective thermal
conductivity to be improved further, thus improving the heat transfer rate. Also, the amount of the
base and the nano-PCM was decreased because the metal foam occupied some of the enclosure
space. The shape of the PCM interface in the presence of the metal foam tended to be straighter
when compared to the absence of the metal foam. The straightness of the interface is associated
with the viscous force between the base and the nano-PCM and the metal foam. The convection
currents that caused the distortion of the interface in the non-porous case are damped by the metal
foam.
The effect of changing the porosity of the metal foam on the melting process of a pure PCM is
shown in Fig. 6-7. Three porosities were studied, i.e. 88%, 92%, and 96%, for a wall heat flux of
q̇ ''= 2835 W/m2 and ω= 5 PPI for two selected times (960 s and 1680 s). As the porosity increased,
the amount of PCM increased, which deaccelerated the melting process. The same behavior was
observed for the nano-PCM, as shown in Fig. 6-8.
Pure PCM-non-metal foam

MF= 21.2%

Nano-PCM-non- metal
foam

Pure PCM- metal foam

MF= 22.93%

Nano-PCM-non- metal
foam

MF= 30.04%

MF= 40.60%

MF= 73.03%

MF= 93.19%

(a) 1080 s

MF= 43.58%

MF= 44.66%
(b) 1800 s

Figure 6-6 Comparison of the evolution of the melting process of the pure PCM and the nano-PCM in the
presence and absence of the porous metal foam at a heat flux (q̇ '') of 2835 W/m2 (Raϕw =0% = 9.97108) and
times of 1080 s and 1800 s (ϕw = 0.1 %, ω= 5 PPI, ε= 92 %)
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ε= 88 %

ε= 92 %

ε= 96 %

MF= 25.1%

MF= 24.6%
(a) 960 s

MF= 24.1%

MF= 67.5%

MF= 63.2%
(b) 1680 s

MF= 55.3%

Figure 6-7 Comparison of the evolution of the melting process of the pure PCM and nano-PCM in the
presence of metal foam at heat flux (q̇ '') of 2835 W/m2 (Raϕw =0% = 9.97108) and times of 960 s and 1680 s (ϕw =
0 %, ω= 5 PPI) for ε= 88%, 92 %, and 96%

ε= 88 %

ε= 92 %

ε= 96 %

MF= 38.2%

MF= 36.7%
(a) 960 s

MF= 32.26%

MF= 84.2%

MF= 83.0%
(b) 1680 s

MF= 74.38%

Figure 6-8 Comparison of the evolution of the melting process of the pure PCM and the nano-PCM in the
presence of metal foam at a heat flux (q̇ '') of 2835 W/m2 (Raϕw =0% = 9.97108) and times of 960 s and 1680 s
(ϕw = 0.1 %, ω= 5 PPI) for ε= 88%, 92 %, and 96%
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6.2.4. Temperature Distribution
The variations in temperature with time inside the PCM/nano-PCM and metal foam combination
at 3.6 cm from the top of the enclosure and 1 cm from the right wall of the enclosure is presented
in Fig. 6-9. The temperature-time plots are presented for three Rayleigh numbers, which were
obtained by varying the wall heat flux. The temperature probe point was selected in such way to
observe the effect of the different melting stages as described earlier. For all cases, the temperature
varied almost linearly from its initial value towards the melting point as the time increased.
Linearity arises due to the continuous sensible heating in the solid phase of PCM/nano-PCM. For
a low heat flux of 1020 W/m2, the linearity of the temperature curve continued beyond the melting
point, which indicates the effect of conduction on the heat transfer. For the case of the solid nanoPCM, the effective thermal conductivity is higher than that of the solid PCM due to the presence
of nanoparticles. Therefore, the thermal energy conducts at a relatively faster rate in the nanoPCM, which showed a higher temperature at a given time than the PCM. The same behavior was
noticed for the liquid phase. As expected, the temperature at the probe point reached the melting
point earlier for higher values of applied heat flux. As the applied heat flux increases, the heat
penetrates the PCM faster. As a result, the temperature difference between the base and the nanoPCM case decreases.
The temperature-time profiles show the first indication of nonlinearity with a changing slope as
the melting front passed over the probe point. Nonlinearity was more pronounced at higher values
of heat.
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Figure 6-9 Temperature-time history of the PCM and the nano-PCM at different input levels of heat flux (q̇ '')
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6.2.5. Melt Fraction
Figures 6-10 and 6-11 show the melt fraction throughout the melting process for the base PCM,
and the nano-PCM without metal foam (Fig. 6-10), and with metal foam (Fig. 6-11) for two heat
fluxes (1814 and 2835 W/m2). The magnitude of the melt fraction increased from zero as the time
advanced. The melting process slowed down towards the end of the melting process resulting in
an asymptotic behavior in the melt fraction. As discussed earlier, the melting process accelerated
further as the heat fluxes increased. Figure 6-11 shows a slight improvement in the melting process
after adding nanoparticles into base-PCM. The introduction of the metal foam significantly
accelerated the melting process (Fig. 6-11). The enhancement in the melting process in the
presence of the metal foam occurs due to an improvement in the effectiveness of the thermal
conductivity and lessening amounts of the base/nano-PCM as the amount of the PCM/nano-PCM
decreases due to the presence of the metal foam. Table 6.2 depicts the melt fraction for the studied
cases at a heat flux of 1814 W/m2 and Raϕw =0%= 6.38108. Table 6.2 shows the improvement in
the melt fraction when nanoparticles and metal foam were used.
Table 6.5 Melt fraction for the studied cases at 1814 W/m2, Raϕw =0% = 6.38108

Cases
Base PCM without metal foam
Nano-PCM without metal foam
Base PCM metal foam
Nano-PCM metal foam

1080s
13.60%
16.45%
16.62%
17.40%

1620s
23.30%
24.64%
28.17%
33.89%

2160s
33.00%
33.39%
46.58%
53.79%

2520s
38.57%
39.94%
66.13%
70.91%
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Figure 6-10 The impact of nanoparticles on the melt fraction (MF) without metal foam for heat fluxes (q̇ '') of
1814 W/m2 (Raϕw =0% = 6.38108) and 2835 W/m2 (Raϕw =0% = 9.97108)
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Figure 6-11 The impact of nanoparticles on the melt fraction (MF) with metal foam for heat fluxes (q̇ '') of
1814 W/m2 (Raϕw =0% = 6.38108) and 2835 W/m2 (Raϕw =0% = 9.97108)

6.2.6. Energy Stored
During the melting process, the cumulative energy (E) transferred from the heated surface to the
nano-PCM represents the energy stored inside the system, as the remaining wall of the system is
assumed to be insulated. The cumulative energy (E) can be calculated from the time integration of
the instantaneous heat transfer rate per unit depth of the enclosure, Q̇ (t), as follows:
t

E =  Q( t ) dt

(2)

0

where Q̇ (t) can be calculated from
T (0, y , t )
Q (t ) =  − k nf
dy .
x
0
L

(3)

Figures 6-12 and 6-13 show the energy stored throughout the melting process for the base PCM,
the nano-PCM without the metal foam (Fig. 6-12), and with the metal foam (Fig. 6-13), for two
heat fluxes, i.e. 1814 and 2835 W/m2, respectively, which correspond to Raϕw =0%= 6.38108 and
Raϕw =0% = 9.97108, respectively.
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Figure 6-12 The impact of nanoparticles on the melt fraction (MF) without the metal foam for heat fluxes (q̇ '')
of 1814 W/m2 (Raϕw =0% = 6.38108) and 2835 W/m2 (Raϕw =0% = 9.97108)
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Figure 6-13 The impact of nanoparticles on the melt fraction (MF) with the metal foam for heat fluxes (q̇ '') of
1814 W/m2 (Raϕw =0% = 6.38108) and 2835 W/m2 (Raϕw =0% = 9.97108)

At the initial stage of heat addition to the left wall of the enclosure, the thermal energy was stored
as sensible heat in the PCM/nano-PCM. Therefore, the energy added to/stored in the system
increases the temperature of the PCM/nano-PCM from its initial temperature to the melting
temperature where the PCM/nano-PCM remains in the solid phase. At a certain time during the
energy addition process, the wall temperature reached or went above the melting temperature of
the PCM/nano-PCM, thus initiating the melting at or near the hot wall. Energy was stored inside
a narrow band of the PCM/nano-PCM as latent heat during this phase transition process. This
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narrow band moved with the solid-liquid interface as time advanced. The liquid layer before this
narrow band and the solid layer after this narrow band stores energy sensibly. However, the energy
is stored inside the metal foam sensibly during the entire process.
At the early stages of the melting process, the energy storage rate was lower, which can be
observed from the relatively lower slope of the energy stored vs. time curve. The lower energy
storage is a result of the gradually developing temperature at the hot left wall due to the applied
isoflux boundary condition. The energy storage rate increased once the melting process was well
established and the wall temperature increased over the melting point of the PCM/nano-PCM. The
higher energy storage rate can be observed from the relatively higher slope of the energy stored
vs. time curve until the melting process reaches towards the end. The energy storage rate slowed
down significantly towards the end of the melting process as most of the PCM/nano-PCM had
reached the thermal equilibrium.
Adding nanoparticles increases the thermal conductivity of the PCM, and therefore, improves the
overall heat transfer rate inside the system. However, the addition of nanoparticles decreases the
latent heat capacity ( ρ hf )nf , while it increases the sensible heat capacity ( ρ cp )nf of the PCM. A
slight improvement in the rate of energy storage was observed for the time between the initiation
of the melting and before the end of melting, as can be seen in Fig. 6-10, due to the addition of
nanoparticles. However, the total energy storage was slightly smaller in magnitude for the nanoPCM than for the pure PCM due to the small reduction in volume resulting from the addition of
nanoparticles. An increase in the wall heat flux value accelerates the melting process and increases
the rate of energy storage, which can be observed from the larger slope of the energy stored vs.
time curve at higher heat flux in Fig. 6-12.
Adding nanoparticles and metal foam increases the effective thermal conductivity of the PCM and
the metal foam combination; therefore, this further improves the overall heat transfer rate inside
the system. A considerable improvement in the rate of energy storage is observed from the
beginning to close to the end of the melting process (Fig. 6-13) for adding nanoparticles. However,
the total amount of energy storage was reduced for the case of the PCM/nano-PCM with metal
foam, as the inclusion of the metal foam in the system reduces the volume of the PCM/nano-PCM
further.
The effect of the porosity of the metal foam on the melting fraction is shown in Fig. 6-14. For the
pure and the nano-PCM, the melting process accelerated as the porosity decreases. The thermal
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conductivity of the pure/nano-PCM and metal foam composite increased as the porosity decreases,
i.e. with more metal. The improvement in the overall thermal conductivity accelerates the melting
process.
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Figure 6-14 The impact of porosity on the melt fraction for the heat flux (q̇ '') of 2835 W/m2 (Raϕw=0% =
9.97108). (ϕw = 0.0% and 0.1 %, ω= 5 PPI) for ε= 88%, 92 %, and 96%

6.3 Conclusions
In the present chapter, experiments were conducted to investigate the impact of nanoparticles and
metal foam on the melting process and the energy stored in the PCM. The following conclusions
were formed:
•

Increasing the supplied heat to the PCM accelerated the melting process and increased the
energy.

•

Both adding nanoparticles and implementing metal foam accelerated the melting process.
However, the metal foam had more influence than the nanoparticles on the melting process.
For instant, at 2160 s, for the case of the base PCM and without the metal foam, 33.00 %
of the base PCM was melted, while for the case of the nano-PCM, it was only 33.39 %.
This is only a small improvement in the melt fraction. When the metal foam was inserted
into the enclosure, 46.58 % of the base PCM was melted.
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•

Before fully melting, the energy storing rate was slightly higher for the nano-PCM than the
base PCM. However, the total energy stored at the end of full melting was higher for the
base PCM than the nano-PCM.

•

In the presence of the metal foam, the total energy stored was reduced. The metal foam
occupies a space in the enclosure which reduces the amount of the PCM. As a result, a
smaller amount of PCM is available, which means less energy stored.

Nomenclature
cp

specific heat at constant pressure (J/kg K)

E
hf

amount of energy stored (J)
latent heat of fusion (J/kg)

k

L
Q

thermal conductivity (W/(m K))
enclosure height (m)
instantaneous heat transfer rate per unit depth (W/m)

q̇ ''

heat flux (W/m2)

Ra

Rayleigh number based on L , Ra = g (   )nf q L4 km0 nf  nf

T
t
MF
x
y

temperature (oC)
time (s)
Melt fraction (%)
horizontal coordinate (m)
vertical coordinate (m)

Greek Symbols

coefficient of volumetric thermal expansion (1/K)
porosity of the metal foam
ε

dynamical viscosity (Pa s)

density (kg/m3)
mass fraction of the nanoparticle
ϕw
pores per inch
ω
Subscripts
nf
nano-PCM
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Chapter 7
7. Conclusions and Future Work
7.1. Conclusions
In this dissertation, the thermal performance of square and rectangular latent heat thermal energy
storage units was experimentally and numerically investigated. A variety of phase change
materials (PCMs) were studied, including coconut oil, Rubitherm RT18, and water. Copper oxide
(CuO) was utilized as the nanoparticles, and aluminum foam (Al) was utilized as the porous media.
The unit was subjected to isothermal and isoflux boundary conditions. As well as the experimental
and numerical investigations, a scale analysis was performed to inspect the melting regimes of the
PCM throughout the melting process. As well, energy streamline and heatline calculations were
performed.
The highlights of the present research can be summarized as follows:
i.

At the early stages of the melting process, conduction is the dominant heat transfer mode.
Conduction lasts longer in the presence of metal foam. This stage of melting was identified
by a straight vertical liquid-solid interface. As time advances, the molten PCM layer
becomes wider, which strengthens the buoyancy force over the viscous force. Due to the
buoyancy force, the molten PCM rises up along the hot wall of the unit. This stage of
melting was identified by a thin layer of molten PCM at the lower part of the liquid region
of the PCM, which indicated that conduction is dominant. A wide layer of molten PCM at
the upper part of the liquid region of the PCM indicated that convection is dominant.
Starting from this stage, the impact of convection on the melting process appears. With
ongoing heating, convection is dominant in the liquid layer of the PCM throughout the
melting process. This stage of melting was identified by the distorted liquid-solid interface.
Finally, when the liquid-solid interface reaches the right upper corner of the unit, the
variable height (or shrinking solid) regime begins. At this stage, the remaining solid PCM
takes on a triangular shape.

ii.

The trend of the Nusselt number reveals the different stages of the melting process with
time. At the conduction limit, the Nusselt number decreases linearly. Then in the mixed
conduction-convection (or transition) regime, the Nusselt number reaches its lowest value.

150

After that, the Nusselt number gains a plateau trend in the convection regime. Finally, at
the variable height (or shrinking solid) regime, the Nusselt number drops.
iii.

By dispersing nanoparticles into the PCM, a reduction of 34% (at Th = 50oC) and 30 % (at
q̇ ''= 2835 W/m2) in the melting process was found. The amount of dispersing nanoparticles
that was acceptable in a PCM before sedimentation occurred was low. As a result, the
improvement in the thermal conductivity is small. On the other hand, the increase in
viscosity due to the dispersing nanoparticles is enough to degrade convection.

iv.

Utilizing metal foam accelerates the melting process due to the enhanced heat transfer
caused by the continuous heat transfer passages through the metal foam ligaments. A
reduction in the melting time of 46% for pure coconut oil and 35% for a nano-coconut oil
was found at q̇ ''= 2835 W/m2 when a metallic foam was used. However, utilizing metal
foam reduces the amount of stored energy due to a reduction in the PCM quantity, which
is replaced by the metal foam. A reduction in the stored energy of 24% and 25%
respectively, was found in the pure/nano-coconut oil.

v.

The scale analysis successfully predicted the experimental and numerical results in terms
of the thickness of the melted area and the trend of the Nusselt number.

The energy streamlines and heatlines tend to take two forms during the melting process of PCM.
The first is called free form. The free energy streamlines and heatlines are straight lines, and they
reveal that all the supplied energy is devoted to melting the PCM. The free energy streamlines and
heatlines appear mainly in areas where conduction is dominant. The second form is trapped energy
streamlines and heatlines. This form occurs when the liquid PCM layer is wide enough to permit
the onset of convection. The trapped energy streamlines and heatlines indicate that the supplied
energy heats up the molten PCM, as well as melting the remaining solid PCM.
7.2. Future Work
Possible future work can be divided into two categories: the fundamental and the applicational
aspects. The fundamental aspect would focus on optimizing the latent heat thermal storage unit in
order to enhance the thermal performance of the unit. The applicational aspect would involve
designing and developing large-scale latent heat storage, i.e. thermal solar energy, with different
orientations.
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APPENDIX A

A. Exergy Analysis and The Second Law Efficiency
In this Appendix, energy and exergy analyses are performed for closed latent heat storage.
A-1 Energy Analysis
Energy analysis is based on the First Law of Thermodynamics. The First Law of Thermodynamics
asserts that energy can neither be created nor destroyed. The energy is conserved and can be
converted from one form to another. That is [177]

 dE 
Ein − Eout = 
.

 dt  system

(A-1)

where Ė in is the energy entering a system through the system boundary by means of heat transfer,
work transfer, and mass flow, Ė out is the energy entering a system through the system boundary
dE

by means of heat transfer, work transfer, and mass flow, and ( dt )

system

is the change in the energy

inside the system in the form of internal, kinetic, and potential energies.
The energy balance for a closed latent heat storage system can be written as [178] (see Fig. A-1)

Qsup plied − Qloss = Qstored

(A-2)

where Q̇ supplied is the rate of supplied heat to a system through the system boundary, Q̇ loss is rate
the of heat loss from a system through the system boundary, and Q̇ stored is the rate of heat stored
in a system. In the present problem, it is assumed that the top, bottom, and right surfaces are
properly insulated, and therefore the heat losses (Q̇ loss ) to the surrounding environment are
negligible for the present problem.
The energy efficiency of latent heat storage during the melting process, charging process, can be
defined as

PCM = 1 −

Qloss
.
Qsup plied

(A-3)

As mentioned above, the heat loss from the system in the present problem is negligible. As a result,
the energy efficiency is 100%, although realistically it is much smaller than 100% in many
practical applications. Therefore, there is a need to apply the Second Law of Thermodynamics,
and calculate the Second Law or the exergy efficiency.
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Figure A-1 Closed thermal storage system (a) Energy balance, (b) Schematic configuration for energy
analysis

A-2 Exergy Analysis
The First Law of Thermodynamics quantitatively deals with energy. However, the Second Law of
Thermodynamics qualitatively deals with energy. By combining the First Law and the Second
Law of Thermodynamics, an exergy analysis can be performed. Exergy analysis is a powerful tool
to identify the magnitudes, locations, and causes of process inefficiencies [179]. Exergy analysis
acknowledges that the quality of energy can degrade until it reaches a complete equilibrium state
with its surroundings or what is more specifically referred to as the “dead state”. The energy and
exergy balances for the thermal energy storage considered in this thesis are shown schematically
in Fig. A-2.
The exergy balance can be expressed as follows [177]

X in − X out − X destroyed =  X system

(A-4)

where X in is the exergy entering a system through the system boundary by means of heat transfer,
work transfer, and mass flow, X out is the exergy leaving a system through the system boundary by
means of heat transfer, work transfer, and mass flow, X destroyed is the amount of exergy destroyed
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due to system’s irreversibility, and  X system is the exergy accumulation inside the system due to
the transient operation, which is zero for the steady-state operation. For latent heat closed storage
[177], the exergy balance can be written as
X sup plied − X loss − X destroyed = X stored

(A-5)

where X sup plied = Qin (1 − T0 Th ) , X loss = Qloss (1 − T0 TPCM ,avg ) , and X destroyed = T0 S gen . It is assumed
that the top, bottom, and right surfaces are properly insulated and, therefore, the heat losses (Q̇ loss )
to the surrounding environment are considered to be negligible to the present problem.
In Eq. A-2, S gen is the entropy generation and can be obtained from the following equation [89]

 k  T  2  T  2 

 nf2 

+
+


 
 T  x   y  

 = Vsystem 
S gen = Vsystem S gen
(A-6)
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 nf   u   v 
 u v  
 2   +    +  +   

 T   x   y    y x  
 is the rate of entropy generation per unit volume, k nf is
where Vsystem is the system volume, S gen
the thermal conductivity of the nano-PCM, T is the temperature,  nf is the dynamic viscosity of
the nano-PCM, u is the velocity component of the liquid nano-PCM in the x -direction, and  is
the velocity component of the liquid nano-PCM in the y -direction.
The exergy efficiency is defined as [177]

X = 1−

X destroyed
X sup plied
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(A-7)
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Figure A-2 Closed thermal storage system (a) Exergy balance, (b) Schematic configuration for energy
analysis

A-3 Exergy Analysis for Thermal Storage Exposed to Constant Temperature
An exergy analysis for thermal storage heated at a constant temperature was performed
numerically using Eq. (A-4) to (A-6) with COMSOL Multiphysics software. Detailed numerical
modeling and simulation results were presented in Chapter 3 to show the effect of Ra and the
nanoparticle volume fraction ϕ. From the simulation results presented in Chapter 3, the velocity
and temperature field results can be used to calculate the different components of entropy
generation and energy interaction during different times of the melting process. Subsequently,
different components of exergy interaction can be calculated. Exergy efficiency can then be
calculated using these values.
The effect of the nanoparticle volume fraction ϕ, at 0, 2, and 4%, on the exergy efficiency at Ra=
105 is shown in Fig. A-3. Figure A-3 shows the exergy efficiency distribution as a function of time,
starting from the beginning of melting to the end of the melting process. At the beginning of the
melting process when t= 0, the temperature difference was the greatest between the initial solid
nano-PCM and the hot wall. Therefore, the heat transfer entropy generation range was the greatest
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as well. The exergy efficiency of the system was the smallest in this case. As the solid-liquid
interface reached the right upper corner of the thermal storage, i.e. the variable height stage, the
exergy efficiency started to increase. The reason behind the increase in the exergy efficiency is the
increase in the temperature difference between the hot wall and the melted nano-PCM. As the solid
nano-PCM was melted and heated up, the temperature difference between the hot wall and the
melted nano-PCM dropped. This reduction in temperature reduced the heat transfer entropy
generation range, which reduced the exergy destruction. The exergy efficiency was high in this
case. Towards the end of the melting process when the thermal equilibrium was nearly achieved,
heat transfer occurred at a nearly constant temperature. This made the heat transfer irreversibility
close to zero, creating the exergy efficiency maximum for the considered case. This behavior was
observed for all the studied nanoparticle volume fractions.
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Figure A-3 Exergy efficiency at Ra = 10 for ϕ= 0, 2, and 4%, (a) with Ste Fo, (b) with Time (s)
5

The effect of Ra at 104, 105, 5105, and 106 on the exergy efficiency at Ra= 0% is shown in Fig.
A-4. Figure A-4 shows the exergy efficiency distribution as a function of time, starting from the
beginning of the melting process and going to its end. At the beginning of the melting process,
from the conduction limit to the end of the convection regime, the exergy efficiency was at its
lowest value due to the maximum heat transfer entropy generation range caused by the maximum
difference in temperature between the initial solid nano-PCM and the hot wall. As the variable
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height stage began, the temperature difference decreased, leading to a low heat transfer entropy
generation range, which resulted in a higher exergy efficiency. Towards the end of the melting
process when the thermal equilibrium was nearly achieved, an isothermal heat transfer occurred
which dropped the heat transfer irreversibility to close to zero. This low irreversibility caused a
higher exergy efficiency. The same behavior was observed for all studied Ra values.
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Figure A-4 Exergy efficiency at ϕ= 0% for Ra= 104, 105, 5×105, and 106, (a) with Ste Fo, (b) with Time (s)

A-4 Exergy Analysis for Thermal Storage Exposed to Constant Heat Flux
The same procedure that was followed in Section A-2 was used in this section to analyze the exergy
in thermal storage heated at a constant flux. The detailed numerical modeling and simulation
results were presented in Chapter 4 to show the effect of Ra and the nanoparticle volume fraction
ϕ. From the simulation results presented in Chapter 4, the velocity and temperature field results
can be used to calculate the different components of entropy generation and energy interaction at
different times in the melting process. Again, different components of exergy interaction can be
calculated. Exergy efficiency can then be calculated using these values.
The behavior of the exergy efficiency for a constant heat flux was different from that for a constant
surface temperature. This difference occurs since in the case of constant heat flux heating, the
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heated wall temperature increases with time, while in the case of constant surface heating, the
heated wall temperature remains constant with time.
The effect of the nanoparticle volume fraction ϕ, at 0, 2, and 4%, on the exergy efficiency at Ra=
105 is shown in Fig. A-5. Figure A-5 indicates the exergy efficiency distribution as a function of
time starting from the beginning of melting, i.e. t= 0 s, to the end of the melting process. As the
left wall was subjected to a constant heat flux, the wall temperature tended to increase with time.
The increase in the wall temperature increases the difference in temperature between the hot wall
and the cold nano-PCM. This increase in the temperature difference increases the heat transfer
entropy generation range, which in turn decreases the exergy efficiency until it reaches its lowest
value. This drop in the exergy efficiency occurred throughout the conduction limit until the
convection regime. As the solid-liquid interface reached the right upper corner of the thermal
storage (i.e. variable height stage), the temperature of the melted nano-PCM increased with time;
however, the temperature difference between the hot wall and the melted nano-PCM decreased.
As a result, the heat transfer entropy generation drops, resulting in an increase in the exergy
efficiency. By changing the nanoparticle volume fraction, the same behavior was observed, as can
be seen in Fig. A-5.
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Figure A-5 Exergy efficiency at Ra= 105 for ϕ= 0, 2, and 4%, (a) with Ste Fo, (b) with Time (s)
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The effect of Ra at 103, 104, 105, 106, 107, and 108, on the exergy efficiency at ϕ=0% is seen in Fig.
A-6. Figure A-6 shows the exergy efficiency distribution as a function of time, starting from the
onset of melting to the end of the melting process. A higher Ra was associated with a higher
difference in the temperature. As explained above, the high difference in temperature caused a
high heat transfer entropy generation range and a lower exergy efficiency.
It is worth noting that the behavior of the exergy efficiency at Ra= 103 is different from that of
other Ra values because of the dominance of conduction throughout the melting process. In
comparison, convection plays an important role in heat transfer throughout the melting process for
higher values.
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Figure A-6 Exergy efficiency at ϕ= 0% for Ra= 104, 105, 106, 107, and 108, (a) with Ste Fo, (b) with Time (s)
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