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ABSTRACT

The thermal performance and heat transfer augmentation of paraffin wax as a phase change 
material (PCM) throughout discharging process within a triplex tube heat storage have been 
examined using a combined experimental and numerical analysis. The efforts of this research 
are focused on using a blend of two different types of highly conductive nanoparticles (Al2O3/
CuO hybrid nano additives) to enhance the thermal characteristics of paraffin and improve 
the overall performance of TTHS, which is the originality of this study. Various volume con-
centrations (0.4, 0.8, 1.6, 3.2%) of hybrid nanoparticles were explored. Besides that, A set of 
tests were carried out to evaluate the impact of changing inlet temperature and mass flow 
rate of the heat transfer fluid (HTF) on the phase change phenomenon of the paraffin. The 
mass flow rates of HTF ranges from 3 kg/min to 12 kg/min while the temperatures of HTF 
varies from 30 °C to 40 °C. The calculations are included an iterative, finite-volume numerical 
technique that involves a domain enthalpy porosity model to simulate the phase transition 
process. The agreement between the experimental data and the numerical simulation is good. 
According to the results, reducing inlet temperature and/or increase the inlet mass flow rate of 
HTF speed up solidification rate. However, HTF inlet temperature has more impact on solidi-
fication rate than inlet mass flow rate. Moreover, the reduction in freezing duration caused by 
implementing hybrid nanoparticles has been observed for all volume concentrations investi-
gated. However, adding 3.2% volume percentage of hybrid nanoparticles results in the highest 
overall freezing time reduction (about 23%).

Cite this article as: Sadiq IE, Aljabair S, Karamallah AA. Accelerated solidification of PCM via 
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INTRODUCTION

Nowadays, fossil fuel plays a major role in energy pro-
duction of the world. However, this energy is limited in 
quantity and produces high level of pollution. Therefore, 

developing a suitable source of energy is crucial to over-
come these issues. The two most efficient sustainable and 
renewable sources of energy are solar and wind systems, 
which have very beneficial applications, for instance, 
air conditioning systems in buildings and solar water 
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heaters [1]. Since these systems are periodic during the 
day and the energy demand varies over the day, a tempo-
ral inequality between energy supply and energy demand 
could be created. Therefore, energy storage systems are 
useful for matching this imbalance and promoting larger 
utilization of the mentioned sources [2]. In general, there 
are three main forms of storing thermal energy, sensible 
heat in which the temperature of storing material changes 
throughout charging /discharging, latent heat that stor-
ing/releasing energy achieved when the storage substance 
changes its phase from solid to liquid (charging) or from 
liquid to solid (discharging), thermochemical storage 
based on the principle of reversible exothermic and endo-
thermic chemical reactions for heat storage [3,4]. Among 
the aforementioned forms, latent heat storage has been 
determined to be very attractive in terms of high energy 
storage ability over a narrow temperature difference [5,6], 
almost isothermal phase transition process [7], and run-
ning in a many cycles with no significant changes in its 
thermal and chemical properties [8]. In fact, for a given 
volume, PCMs are able to store 5–14 times more thermal 
energy than sensible heat substances [9]. This feature is 
beneficial, specifically for applications that require a small 
space. Currently, PCMs have drawn a lot of attention 
due to their uses in a variety of applications, including 
storing of solar energy [10,11], recovery of waste energy 
[12], electronic equipment cooling [13], and energy-ef-
ficient constructions [14]. However, the poor thermal 
conductivity of PCM causes slow rate of phase transition, 
which is a main weakness for their practical uses [15,16]. 
To solve this issue, several strategies have been adopted 
to augment the heat transfer in PCMs, such as utilizing 
fins [17,18], heat pipes [19,20], highly conductive metal 
foam [21,22], nanoparticles [23,24], graphite composites 
[25,26], and carbon nanotubes [27,28] as classified in 
Figure 1. However, it must be realized that adopting these 
methods need carefulness. They may cause undesirable 
consequences in term of decreasing the quantity of PCM 
in storage, increasing the weight of storage, and altering 
the flow regime.

Moreover, there is another problem regarding PCM 
usage is that majority of these materials produce consider-
able density variation during phase change [29]. This prob-
lem, in the majority of cases, causes unfavorable expansion 
and shrinkage of the PCM throughout melting and solidifi-
cation. Consequently, additional stresses are applied on the 
surface of storage. The problem is frequently resolved by 
making an air gap inside the container to permit the stor-
age material to expand freely without exerting extra force 
against the inner surfaces of the storage [30,31]. However, 
with several cycle of charging and discharging, a number of 
air pockets are created in PCM during solidification. These 
air pockets adversely impact on the characteristic of heat 
transfer and uniformity of material which must be main-
tained for long-term operation [32-34]. The main focus of 
the current work is to comprehend the impact of utilizing 

nanoparticles as additives to improve PCM solidification. 
As a result, the effect of air pocket creation throughout the 
solidification phase was not taken into consideration in this 
numerical study. However, it was impossible to avoid it in 
experimental study.

The use of an extended surface to improve heat trans-
fer is superior due to ease of implementation and com-
paratively low production cost. Annular, longitudinal, pin, 
and plate are the most popular fin designs. Among them, 
the longitudinal fins are performed well, particularly for 
cylinder shape storage [35]. The impact of perforated fins 
on the efficiency of vertically oriented shell and tube heat 
storage  was investigated by Karami and Kamkari [36]. 
According to the experiment, PCM in the storage  with 
perforated fins melted completely in 7% shorter dura-
tion than the storage with plain fins. This was ascribed to 
free convection movement in the holes of fins. Khan and 
Khan [37] investigated the thermal characteristic of the 
shell and tube storage coupled with various orientations 
of the Y-fins configuration using both experimental and 
numerical methods. The quantitative result showed that 
50.7% reduction in charging time and 10% augmentation 
in the capacity of thermal storage can be obtained as fins 
arrangements changing from λ to Y. Yousef et al. [38] car-
ried out a study on the acceleration of the melting rate 
in PCM-based solar still by coupling hollow pin type fins 
to the unit. Experimental tests were conducted for typi-
cal and pin-finned PCM-based units in order to assess the 
rate of heat transfer. In the result, an enhancement of 17% 
by employing pined shape fin in comparison to typical 
unit. Liu et al. [39] suggested an innovative ladder-shaped 
fin to speed up charging process for waste heat recovery 
system. The numerical result revealed that ladder-shaped 
fins are more effective than straight fins at optimizing the 
charging channel of PCM. Moreover, the highest reduc-
tion of total charging duration was 52.2% in comparison 
to the straight fin. A novel tree-pin-shaped fin in a shell-
and-tube storage system was designed and built by Wu et 
al. [40]. Adipic acid as PCM was implemented in the shell. 
For comparison purposes, traditional longitudinal fins 
were also investigated under the identical conditions. It 
was found that tree-pin-shaped fins promote melting and 
solidification rates and make the PCM temperature more 
uniform. Furthermore, storage with tree-pin-shaped fins 
reduces the melting duration by 44.6% and the solidifica-
tion duration by 50.0% in comparison to storage with lon-
gitudinal fins. Mahdi and Nsofor [41] utilized aluminum 
foam of 0.95 average porosity to promote charging and 
discharging rate in shell and tube heat storage. Findings 
showed that increasing the cascade number has a signifi-
cant impact on the phase transition process, which short-
ens the charging and discharging durations. Moreover, 
existing metal foam reduce the temperature variation 
across PCM. In general, the existence of extended surfaces 
or metal foam in PCM may resist the growth of the natural 
current that is induced in the molten region, which in turn 
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would offset (minimize) the positive impact of extended 
surfaces on thermal performance of storage. Furthermore, 
integration of solid material (e.g. fins and porous matrix) 
reduce the amount of PCM and increase the overall stor-
age weight which deteriorate total storage energy and 
influence mobility of these units.

Another good candidate. is to boost thermal con-
ductance of PCM by incorporate. conductive nano scale 
powder, which is shown to be suitable and easy to achieve. 
Nano-particles. can be categorized. into two. groups: (a) 
carbon. allotropes and (b) metal-oxides. or metals. [42], 
.carbides and .nitrides [43]. Hosseinizadeh et al. [44] 
investigated the melting rate inside a spherical storage 
employing Cu-RT27 nano-PCM. It was indicated that 
melting duration dropped by 5 min as volume fraction 
boost from 0 to 0.04. Dispersion CuO nanoparticles at 
two volume fractions of 0.034% and 0.5% to speed up the 
melting of three different organic PCMs, namely,  par-
affin wax, coconut oil, and RT18 was performed by 
Al-Jethelah et al. [45]. They determined the four regimes 
during the melting of nano PCM using a scale-up meth-
odology. Ebadi et al. [46] used coconut oil as PCM inside 
a cylindrical energy storage to explore the impact of 
nanoparticle volume fraction and Rayleigh number on 
the charging phase. It was stated that the total storing 
energy minimized as nanoparticle increase. Multi-walled 
carbon nanotubes were added to paraffin by Murugan et 
al. [47], who exhibited that the paraffin’s thermophysical 
properties were significantly improved by inclusion low 
concentration of the nanotubes. Another article noted 
that inclusion 1.0% by weight of carbon nanotubes to the 
paraffin augment its thermal conductivity by 113.3% [48]. 
As result, a significant reduction of the total melting and 
freezing durations was obtained. Gorzin et al. [49] exam-
ined the freezing of Cu-RT50 nano-PCM in multi-tubes 
thermal storage with different configurations of paraffin 
in the tubes. The freezing time shortened about 15% by 
incorporating nanoparticle of 0.04 volume concentration. 
Hamza and Aljabair [50] indicated that the addition of 
two various kinds of nanoparticles has a strong tendency 
to boost heat transmission owing to their synergistic 
effect. The melting and freezing of the Al2O3, AlN, and 
GNP-paraffin nano-PCMs in shell and tube heat storage 
were conducted by Khan and Khan [51]. In comparison 
to PCM without nano, melting time reduction of about 
28.01%, 36.47%, and 44.57% for Al2O3-PCM, AlN- PCM 
and GNP-PCM, respectively. Moreover, the freezing time 
decrease by 14.63%, 34.95%, and 41.46%, respectively. 
The same thermal storage system but in another research, 
Khan et al. [43] tested the influence of inclusion different 
metal oxide nano powder with volume fraction of 0.01, 
0.03, and 0.05 on melting and freezing rates of PCM. Their 
result indicated that in spite of raising the concentration 
of nanoparticles augmenting the melting and freezing 
rates, the free convection diminished. When compared to 
the pure PCM at concentration of 0.05, The SiO2-PCM 

had the lowest average melting and freezing durations of 
all the nano-PCMs by about 41% and 30%, respectively. 
Hamali and Almusawa [52] applied the Galerkin method 
to simulate freezing process of fin-assisted water in exis-
tence of nanoparticles numerically. Fins of Y-shaped and 
copper oxide nanoparticles were utilized. Their finding 
reveled that around 10 % improvement in freezing pro-
cess was achieved by dispersing these nanoparticles. 
Likewise, Rothan [53] investigated the effect of shape 
factor of the CuO nanoparticles on PCM. They found 
that total freezing time can be decrease by increase shape 
factor. Quantitatively, about 10% of improvement was 
obtained by inclusion CuO nanoparticles with the opti-
mum shape factor. Zhao et al. [54] added nanoparticles 
(CuO) with various electrical charges into paraffin (oct-
adecane) to studied the effect of charged nanoparticles 
on thermal characteristics of PCM by help of molecular 
dynamics technique. It was exhibited that thermal con-
ductivity of nano-PCM was significantly enhanced by 
intensifying nanoparticle charges. Besides that, increasing 
charge of nanoparticles can enlarge nanolayer thickness. 
Three different type of nano additives (Al2O3, TiO2, and 
CuO) and three groups of nanoparticles (mono Nano-
PCM, hybrid Nano-PCM, and ternary Nano-PCM) were 
utilized by Wu et al. [55]. They studied the influence of 
nanoparticle compound and nanoparticle concentration 
on the heat transfer and thermal storage performance of 
shell-and-tube energy storage. The obtained result indi-
cated that charging rate of PCM include multi types of 
nanoparticles is higher than mono Nano-PCM, by 2.3% 
for hybrid Nano-PCM and 5.2% for ternary Nano-PCM, 
respectively. 

In the current research, the potential of Al2O3 and 
CuO hybrid nano particle in paraffin is experimentally 
and numerically performed to evaluate their effect on 
the freezing process in triplex tube heat storage. Paraffin 
wax is positioned in the annulus space between the inner 
and the intermediate tubes whereas cold water is flowing 
through the inner tube and outer shell. The triplex-tube 
storage is advantageous over all other type of heat stor-
age in term of high heat transfer area which Intensify 
heat transfer rate. According to the previous survey, 
most of the studies focus on using one type of nanopar-
ticles in PCM-based double pipe heat storage. However, 
the freezing process of hybrid nano-PCM in triplex tube 
heat storage (TTHS) have not been explored by previous 
studies. Thus, the novelty of this experiment is to assess 
the influence of combine two different types of nanopar-
ticles of volume concentration ranged from 0.4% to 3.2% 
on heat transfer behavior throughout PCM freezing in 
TTHS. Besides that, the impact of fluid inlet tempera-
ture and mass flow rate on the discharging process are 
also investigated. The major steps of present study are 
depicted in the Figure 2.
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Figure 1. Categorization of augmented methods in PCM based storage units.

Figure 2. The primary steps of the present work.
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EXPERIMENTAL SETUP AND PROCEDURE

Experimental Setup
An experimental rig was established to evaluate the 

thermal performance of triplex tube heat storage. It made 
up of (1) tank (2) cold water reservoir (3) water pumps (4) 
flow meters (5) radiator (cross type heat exchanger) (6) 
thermocouples (7) temperature data recorder (8) triplex 
tube heat storage, as depicted in Figures 3 and 4. The stor-
age consists of three concentric tubes of 600 mm length ori-
ented horizontally. The PCM of 7 kg occupy annulus space 
between inner and intermediate tubes while the water flow 
in the inner tube and outer shell. The diameters of inner, 
intermediate and outer tubes were 50, 150, and 200 mm, 
respectively. To achieve high heat exchange between PCM 
and water, the inner and intermediate tubes were made of 
copper. However, the outer tube was made of carbon-steel. 
Two carbon steel flanges were fabricated to seal both ends 
of storage. Each flange has 53 mm concentric hole to facili-
tates passing the inner tube.

Glass wool insulation with a 50 mm thickness was 
covered the storage to reduce the amount of heat dissipa-
tion from the storage to the surrounding air. To validate 
the effectiveness of this insulation, the heat loss should be 
quantified. This can be achieved by measuring the tem-
perature of outer surface of insulation by using an infrared 
thermometer. It was found that the highest temperature 
variation between the outer surface of the insulation and the 
surrounding air was not exceed 1 °C for all cases. This slight 
temperature difference implies that the heat dissipation 

from storage is negligible and prove the suitability of this 
insulation for this storage.

Figure 5 depict the locations of thermocouples used to 
record the temperature of the PCM. Sixty K–type thermo-
couples were mounted in the PCM at three different sec-
tions along the heat storage length. Each section contains 
twenty thermocouples placed in radial and angular ori-
entation as illustrated in Figure 6. To measure inlet water 
temperature, a thermocouple prop coupled in the inlet of 
test section. Besides that, two thermocouples fixed in the 
outlet of test section to measure outlet water temperature of 
tube side and shell side. All thermocouples with a tempera-
ture recording scope of 0-200 °C were all attached to a data 
acquisition system, which in turn recorded the temperature 
every minute and sent the values to computers.

The experimental test apparatus has two kinds of flow 
meters. Namely, rotameter and turbine flow sensor, see 
Figure 4B. A rotameter of 0.2 – 18 l/min measurement 
range was installed vertically after main circulation pump 
to record the total volumetric flow rate of water. The other 
type of flow meter is turbine flow sensor model (G1-2) 
which was mounted in the plastic bypass pipe before the 
test section to measure the water flow rate on the outer 
annulus. The sensor can generate electrical pulse whenever 
water pass through it. Each pulse equivalent to 3.33 millili-
ters. Therefore, flow rate can be estimated by counting the 
output pulses from the sensor. This flow sensor that made 
of chrome can measure flow rate between 1 to 30 l/min and 
work with temperature range (-25 ~ +80 °C). The flow sen-
sor was linked to the Arduino Uno with programming code 

Figure 3. Schematic sketch of test rig.
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saved in it and the result was displayed on the computer. 
Additionally, Plastic tubes and valves were employed to join 
the storage to the radiator, cold water reservoir and other 
components.

Experimental Procedure
A 1500 W thermoelectric immersion heater equipped 

with thermostat installed in the 170-liter water reservoir 
to control the water temperature during the experiment. 

Figure 4. Photo of test rig.

Figure 5. Sectional drawing of TTHS.
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Before start of each test, hot water at 70 °C pumped from 
the hot water reservoir into the tube and outer annulus of 
the TTHS in order to liquify PCM and maintain a constant 
initial thermal state. This process continued until PCM 
temperature (thermocouples readings) become higher than 
melting temperature, which may take around 3 hours. The 
experiment was commenced by supplying warm water at 
a predetermined mass flow rate from the constant tem-
perature water reservoir to the TTHS where water absorb 
heat from PCM. After that, the heated water flow in radi-
ator to reject the excess heat and keep the cycle tempera-
ture constant. The temperature readings of thermocouples 
were collected by a data acquisition system every 1-min-
ute duration. However, the experiment was stopped when 
the whole PCM solidified. This can be noticed when all 
temperature readings of the thermocouples become below 
solidification temperature and the difference between the 
outlet and inlet temperature of HTF become less than 0.5 
°C. This indicate that PCM reject maximum possible heat 
and system reach to thermal equilibrium, which may take 
(4 - 4.5) hours depend on the case. Therefore, the total time 
required was about 7 hours for complete cycle (charging 
and discharging).

Calibration of Measuring Devices

Thermocouples
All thermocouples were calibrated by using four sub-

stances with defined boiling and melting temperature. 

These substances were acetone, ethanol, water and ice-wa-
ter. The instantaneous temperature was measured whenever 
any of the under-test substances began to boil except ice 
water which was recorded its temperature during melting. 
Then, the thermocouple’s calibration curve was obtained by 
comparing the discrepancies between the measured boil-
ing/ melting temperatures and the standard boiling/ melt-
ing points. Figure 7 display the sample of calibration curve 
for one of the thermocouples. The result showed that the 
average error was ± 0.30 °C.

Flow meters
The calibration of both flow meters was carried out 

to evaluate the accuracy of both flow meters. This was 
achieved by utilizing volume scaled vessel and a stop-
watch for estimating the time needed to reach a certain 
volume of water in vessel. The outcomes revealed that 
the average deviation was ±0.21 l/min and ±0.14 l/min 
for rotameter and flow sensor, respectively as depicted in 
Figure 8.

PCM Selection
In the current work, paraffin wax was employed as a 

PCM provided from China paraffin company. Paraffin is 
commonly used in literature because it has high latent heat 
of fusion, non-toxic and chemically stable throughout dis-
charging cycle in comparison to hydrated salts and non- 
organics paraffin. To determine the specific heat, latent 
heat of fusion and phase transition range of the PCM, dif-
ferential scanning calorimetry (DSC) analysis were carried 
out. The test was performed to a paraffin sample of 14.6 
gram in the temperature scope of 40 °C to 900 °C at 20 °C/
min heating rate. The DSC thermogram of the paraffin is 
depicted in Figure 9. By utilizing numerical integration on 
the area under the curve, the latent heat of fusion is esti-
mated whereas the scope of phase transition can be found 
between onset point and the point fitting to the peak of the 
curve. The obtained outcomes from this experiment are 
given in Table 1.

Figure 6. Schematic diagram of thermocouple distribution.

Figure 7. Sample of thermocouple’s calibration curve.
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Figure 8. Flow meters calibrations.

Figure 9. Heat transfer variation vs temperature for tested paraffin wax.
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Preparation of Hybrid Nanoparticles Dispersed Paraffin
Al2O3 and CuO nanopowder were purchased from 

SkySpring Nanomaterials, USA company. Providers were 
assured that particle size of Al2O3 and CuO of 99.9% purity 
are 20 nm and 40 nm, respectively. Moreover, the particle 
shape of two types is spherical. The thermal characteristics 
of Al2O3 and CuO are given in Table 1.

Figure 10 illustrates the preparation steps of hybrid 
nano-PCM. Firstly, pure paraffin of 7 kg was melted in 
cylindrical vessel by using boiled water. Then, blend of 
Al2O3 and CuO of predetermined quantities were added 
to liquified PCM, following the heating and mechanical 
agitation. The stirring proceeds for extra 30 minutes to 
prevent particle agglomeration and to attain well disper-
sion of nano powder through PCM. Afterward, the stor-
age was layer by layer filled with the prepared compound. 

It is worth mentioning that after pouring each layer, it was 
waited for around 30 minutes until complete freezing was 
attained. These steps were repeated until the whole annulus 
space was occupied with mixture. The aim behind this fill-
ing steps was to eliminate the growth of air bubbles inside 
the PCM throughout the freezing process. The test begins 
after one day of subjecting the storage to the controlled 
environment temperature at 30 °C to achieve constant ini-
tial temperature of PCM.

Numerical Simulation

Mathematical model
The enthalpy porosity technique, which is frequently 

used for modeling the PCM melting and freezing pro-
cesses, is used to simulate phase transition in a TTHS. The 

Figure 10. Hybrid nano-PCM preparation procedure.
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mathematical model is discussed in the research [56,57] 
and is outlined in this subsection. The major characteris-
tic of this approach is the representation of flow and latent 
heat in the mushy zone using appropriate source terms. 
According to Seddegh et al. [58], this approach has the fol-
lowing advantages: (i) Similarity between phase transition 
and the single-phase in term of the governing equations; 
(ii) at the solid–liquid interface, there are no specific condi-
tions must be fulfilled. This implies that fixed grid solutions 
can be utilized; (iii) the enthalpy formulation includes the 
solution in a mushy zone between the two typical phases, 
involving solid and liquid phases; and (iv) tracking the 
interface between solid-liquid is easier with this method, 
which make numerical modeling simpler. However, the 
main limitation of enthalpy methods is the need of a tem-
perature interval over which the latent heat is released and 
the phase transition takes place. This may be realistic for 
some phase change problems that involve a ‘mushy’ region, 
but not for others that have a constant transition tempera-
ture, such as ice freezing. Therefore, applying a temperature 
interval to these problems are non-physical assumption 
[59].

Assumptions
The following assumptions are used to simplify the 

mathematical model:
1.	 liquid state of PCM is considered as the Newtonian 

fluid.
2.	 Convection current of liquid PCM is laminar with no 

viscous dissipation.
3.	 All thermal characteristic of the paraffin depends on 

temperature except specific heat.
4.	 The Nano-PCM is homogeneous mixture.
5.	 The heat rejected to environment is negligible.
6.	 No-slip conditions between fluid and the boundaries.

Governing equations
Based on these arguments, the Navier-Stokes and 

energy equations were used to formulate the equations 
describing fluid motion and temperature distribution in the 
PCM become [58,60]:

Continuity equation:

	 	 (1)

Momentum equation:

	 	 (2)

Thermal energy equation:

	 	
(3)

The enthalpy of the material can be estimated as the 
sum of the sensible enthalpy (h) and the latent heat (ΔH) 
[61]:

	 	 (4)

Where

	 	 (5)

The reference enthalpy (href) is obtained at a reference 
temperature 273 K and Cp is the specific heat. The latent 
heat content can be written in terms of the latent heat of the 
material, L:

	 	 (6)

where ΔH may vary from zero (solid) to L (liquid). 
Therefore, the liquid fraction, λ, can be defined as:

	 	

(7)

In Equation (2),  is the Darcy’s law damping terms (as 
source term) that is implemented to the momentum equa-
tion due to phase change effects on convective heat transfer 
which is found as [62]:

	 	 (8)

The coefficient Amush is a mushy zone constant. This 
constant is a large number, usually 105–106 [63]. In the 
current study Amush is assumed constant and is assigned to 
106. To model the solidification process of the paraffin in 
the existing of Al2O3/CuO hybrid nanoparticles of differ-
ent volume fraction, the subsequent relations were imple-
mented to estimate the thermal characteristics of the hybrid 
nano-PCM.

The overall volume fraction of hybrid nanoparticles in 
the compound [64]

	 	 (9)

Density of hybrid nano-PCM [65]:

	 	 (10)

Where ρhnp is equivalent density of hybrid nanoparticles 
which presented in equation (11) [64]:

	 	
(11)
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Specific heat of hybrid nano-PCM [65]:

	 	 (12)

Equivalent specific heat (Cp,hnp) of hybrid nanoparticles 
can be calculated from equation (13) [64]:

	 	
(13)

 

Viscosity of hybrid nano-PCM is estimated according 
to Batchelor model [66]:

	 	 (14)

Thermal conductivity of hybrid nano-PCM is obtained 
based on Maxwell model which can be used for low volume 
fraction [67]:

	 	 (15)

Equivalent thermal conductivity of hybrid nanoparti-
cles (khnp) is given as [64]:

	 	 (16)

Latent heat of fusion of hybrid nano-PCM [68,69]:

	 	 (17)

The subscript np1, np2, hnp, hnpcm represent Al2O3 
nanoparticles, CuO nanoparticles, hybrid nanoparticles, 
and hybrid nano-PCM, respectively. Tables 1 and 2 sum-
marizes the thermal characteristics of CuO/Al2O3 nanopar-
ticles and hybrid nano-PCM, respectively.

Boundary conditions
To attain the liquid state of PCM at the beginning, the 

initial temperature was set to 70 °C, which is above the 
liquidus temperature. The type of “mass-flow-inlet” and 
“mass-flow-outlet” boundary conditions were respectively 
set for the HTF at the inlet and outlet of storage unit. HTF’s 
mass flow rates range between (3 kg/min – 12 kg/min), 
and its temperature changes from 30 to 40 °C. It is note-
worthy that throughout the discharging process, inlet mass 
flow rate and inlet temperature of HTF were unchanged. 
As stated previously, the outer tube in the storage system is 
chosen as an adiabatic wall.

Table 1. Thermophysical properties of paraffin and nano-particles [70-72]

Properties Pure PCM Al2O3 CuO
Density (kg/m3) 3970 [72] 6500 [70]

Specific heat (J/kg °C) 2149 765 [70] 535.6 [70]
Thermal conductivity (w/m °C) 0.21 if T < Tsolidus

0.12 if T > Tliquidus

36 [71] 18 [71]

Viscosity (pa.s) - -

Latent heat of fusion (J/kg) 146700 - -
Solidus temperature, °C 52 - -
Liquidus temperature, °C 54 - -

Table 2. Thermophysical properties of hybrid nano-PCM

Properties φ = 0% φ = 0.4% φ = 0.8% φ = 1.6% φ = 3.2%
Density (kg/m3) 744.7 762.5 780.3 815.8299 886.87
Specific heat (J/kg °C) 2149 2107.5 2068 1994.143 1864
Thermal conductivity (S) (w/m °C) 0.21 0.2133 0.21668 0.223583 0.238076
Thermal conductivity (L) (w/m °C) 0.12 0.1219 0.12385 0.127834 0.136199
Viscosity (pa.s) 0.003458 0.003622 0.003812 0.004266 0.0056406
Latent heat of fusion (J/kg) 146700 142710 138901 131782 119255
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Mesh generation and independency study
To resolve the governing equations, a hexahedral uni-

form mesh was created (Fig. 11). High mesh density was 
generated near to tubes wall because of the higher veloc-
ity and temperature gradients adjacent to the heat transfer 
surface. The mesh and time independency tests were car-
ried out to assign the required number of element and time 
interval. It was found that the case with 322595 elements, 
and 0.01 second time interval exhibit efficient solution sta-
bility and good accuracy with reasonable calculation time 
as seen in Table 3.

Numerical procedure and validation
ANSYS FLUENT 21 were used to solve the aforemen-

tioned partial differential equations with the associated 
initial and boundary conditions. The software employs 
the enthalpy-porosity approach to model phase transition 
[73], where at each iteration, the liquid fraction for the 
PCM region is resolved using an enthalpy balance [74]. In 
this method, the mushy zone where both liquid and solid 
present was modeled as a “pseudo” porous medium with 
porosity equivalent to the liquid fraction. As PCM freezes, 
the porosity reduces from 1 (liquid) to 0 (solid). The 
SIMPLE algorithm outlined by Patankar [75] and the pres-
sure-based solver were utilized to couple the velocity and 
pressure. The Navier-Stokes and energy equation terms 
were discretized using the QUICK method described by 

Leonard [76]. The PRESTO scheme was chosen for pres-
sure correction. The under-relaxation factors are 0.9, 1, 
0.6, and 0.3 for liquid fraction, energy, momentum and 
pressure correction, respectively. To achieve solution sta-
bility in each case, the first-order implicit time-interval 
solving method is applied.

Solution methods
As stated before, ANSYS FLUENT 21 based on enthalpy 

porosity model was used to simulate solidification process 
within hybrid nano-PCM. It includes the subsequent steps:
Ø	 Generate mesh for the physical domain, which was 

detailed in section 3.5.
Ø	 Implementing the governing equations of continuity, 

momentum, and thermal energy of hybrid nano-PCM 
on control volume and produce group of differential 
equations containing velocity, temperature, enthalpy of 
formulation and other variables [77].

Ø	 Convert set of differential equations into solvable alge-
braic equations by using finite volume method. This 
process named discretization approach [78].

Ø	 Solve the discretized equations for each control volume 
iteratively.

Convergence criteria
Error residuals, which explicitly indicate the error in 

the solution of the system of equations, are the popular 

Table 3. Mesh size and time period independency carried out on sample of hybrid nano-PCM

Case Number of elements Number of nodes Time step (s) Freezing time (s) Relative error (%)
1 209670 218275 0.1 14731.54 5.83
2 307380 322595 0.1 14284.7 2.62
3 400530 415761 0.1 14120.45 1.44
4 307380 322595 0.01 13920 -
5 307380 322595 0.001 13844.83 0.54

Figure 11. Grid generation for current case study.
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method for determining solution convergence. Thus, 
every solved equation will have its own magnitude of 
residual for each cell in the model. When the residuals 
are attained to a certain level, the solution is considered 
to have converged [79]. This level of residual is 10-3 for 
all variables except the residual of energy equation, which 
should be kept less than 10-6 [80]. In this study, the prede-
termined convergences criteria are 10-5 for each velocity 
and continuity equations while 10-7 for energy equation. 
Since all cases of present study are transient, this order 
of residual was satisfied for each time step during calcu-
lation by providing 50 maximum iterations per time step 
and 2,000,000 maximum numbers of time steps.

Generally, to approach convergence for each 3-D 
model, it requires around 6,000,000 total iterations. This 
complex problem may take around (13) days of calcula-
tions for each case by using high performance computer 
of the following specifications: Desktop of AMD Ryzen 
5900X 12- Core - (4.6) GHz processor with water cooler, 
RAM: 32 GB, Hard: 932 GB and Graphic card: NVIDIA 
GeForce GTX-1050.

Validation
To evaluate the validity of the current numerical 

data, the PCM average temperature that acquired from 
the numerical modeling is verified with corresponding 
experimental result. The Figure 12 shows the time-de-
pendent temperature profile (numerical and exper-
imental) for 0.4% volume fraction, 30 °C HTF inlet 
temperature and 3 kg/min mass flow rate. As depicted 
in Figure 12, a slight deviation, lower than about 4% 
in average, can be noticed between the numerical and 
experimental outcomes, exhibiting an acceptable reli-
ability of the solidification simulation.

RESULTS AND DISCUSSION

Visualization of the Solidification Process
The discharging begins with the PCM entirely melted 

as result of the earlier melting process, whereas the water 
is flowing at a temperature less than the solidification tem-
perature of the base PCM. This causes solidification to 
begin from inner and intermediate surfaces, resulting in 
the creation of a small solidified layer next to each surface. 
This layer increases steadily by transferring heat through 
the surfaces to the water surrounding the annulus. The 
temperature contour and streamline during solidification 
are demonstrated in Figure 13.

In the preliminary stages, the heat transfer that takes 
place between the cold wall (intermediate and inner tube) 
and liquid zone of PCM causes a temperature variation. 
This variation produces the buoyancy force, which grad-
ually overcomes the viscous resistance and contributes to 
the production of a buoyancy driving force in the molten 
portion of the PCM. During this period (t = 10 min) con-
vection current has become the major heat transmission 
mode and acts as an extra provide of heat release from 
the liquid PCM, leading to more rapid solidification in 
subsequent times (t=45 min, 90 min and 135 min). In the 
meantime, the annulus is mostly dominated by the liquid 
phase. After 45 min from the starting of the solidification 
process, a single vortex located at lower portion and two 
major vortices located near to tubes. one adjacent to the 
intermediate tube and one near to inner tube. At t =90 min, 
the associated isotherms have the appearance of deformed 
loops existing throughout the entire annulus. Afterward (t 
=135 min), PCM at the lower part of the annulus has been 
mostly solidified while the PCM at the upper has been par-
tially solidified. The remaining liquid region that located 
between solid PCM layers needed further duration to solid-
ify because the thermal resistance rose as the solid layers 
near to the surface increased. Comparing solidification of 
PCM at time of 135 min and 180 min, obviously illustrate 
that the isotherms travel upward at a slow rate in the upper 
part of the annulus and there are two small vortices exist 
in the upper part of annulus. This solidification character-
istic implies that free convection is still the primary heat 
transfer mode at the upper portion of annulus, whereas 
conduction heat transfer governs solidification at the lower 
portion of the annulus. After the period of 180 min, iso-
therms make an elongated oval configuration. The vertices 
decrease in both strength and size until they vanish when 
the whole PCM solidified at 225 min. The superiority of 
conduction over convection can be determined when the 
vortices structure collapses and temperature contour begin 
to be uniformly distributed which occur after 180 min of 
freezing period.

Effect of Mass Flow Rate
The effect of varying the HTF mass flow rate (3, 6, 9 and 

12 kg/min) on the solidification process was assessed at 30 

Figure 12. Comparison of average temperature between 
the experimental and numerical result.
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°C of HTF inlet temperature. Figure 14 and Figure 15 illus-
trate time wise variation of average PCM temperature and 
liquid fraction, respectively. At a given time, higher mass 
flow rate, lower average temperature of PCM and lower 
liquid fraction (higher amount of solidified PCM). This is 
because high mass flow rate causes high heat transfer coef-
ficient in tube and outer shell side and thus higher heat rate 
into PCM. The percentage reduction of solidification time 
is 4.85%, 7.28% and 8.5 % for mass flow rate of 6, 9 and 
12 kg/min respectively compare to mass flow rate of 3 kg/
min, see Figure 16. The decrease in solidification duration 
is minor with boost mass flow rate. Thus, the total solidi-
fication time is not significantly affected by an increase in 
mass flow rate. With higher mass flow rates, the HTF has a 

shorter residence duration and the heat transfer surface of 
the HTF tube practically remains isothermal.

It is worth to consider that decreasing solidification 
time has some implications on the system design and per-
formance of storage system as follow: (i) a shorter solidifi-
cation time indicates that the storage unit can be discharged 
faster, which can enhance the unit efficiency; (ii) a shorter 
solidification time can promote the storage system to 
respond quickly to the fluctuating demand or supply of 
thermal energy, which is useful for integrating the system 
with renewable energy sources and improving load man-
agement; and (iii) a shorter solidification time also implies 
that the storage device can be designed with a smaller vol-
ume or a lower amount of PCM, which can minimize the 
system cost and weight.

Figure 13. Isotherms (Left) and streamline (Right) over time for Pure PCM.
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Effect of Inlet Temperature
To study the effect of inlet temperature on the freezing 

processes, Figure 17 and Figure 18 depict average tempera-
ture and liquid fraction of the PCM freezing under vari-
ous inlet temperature of 30, 35, and 40 °C. The freezing 
rate enhanced as the inlet temperature decreased, ascribed 
to the augmentation in the heat transfer. It is noticed that 
the time required to approach to 50 °C is 125, 179 and 216 
min respectively for HTF inlet temperatures of 30, 35 and 
40 °C. The solidification time is considerably decrease even 
with a 5 °C reduction of the HTF inlet temperature. This is 
because the lower HTF temperature enhance the potential 
temperature gradient between PCM and HTF temperature 
which in turn intensify the heat transfer rate. Moreover, 
higher temperature difference between PCM and HTF lead 
to enhance buoyancy effects which promote convection 
currents. Similar observations were mentioned by [81]. The 
total solidification time can be reduced up to 38% when 
inlet temperature decreases from 40 to 30 °C, see Figure 19. 
This indicate that decrease in inlet fluid temperature has 
a greater impact on heat transfer intensification than an 
increase in HTF mass flow rate.

Figure 14. Average PCM temperature over time for various 
mass flow rate.

Figure 15. Time wise variation of liquid fraction for differ-
ent mass flow rate.

Figure 16. Total solidification time for different mass flow 
rate.

Figure 18. Liquid fraction for different HTF inlet tempera-
ture.

Figure 17. Average PCM temperature vs time for different 
HTF inlet temperature.
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Effect of Inclusion Hybrid Nanoparticle
Figures 20-23 demonstrate the impact of mixing 

Al2O3/CuO hybrid nanopowder on average temperature 
of PCM, temperature distribution, liquid-fraction con-
tours, and velocity vectors over varying solidification 
periods. Results reveal that raising the concentration of 
hybrid Nano powder enhances the rate of heat trans-
mission and, as a result, reduces the time required for 
fully freezing. This is because the addition of nanoparti-
cles boosts the thermal conductivity and viscosity of the 
mixture. Increasing viscosity cause shear force increase 
between fluid layers, which resist free convection cur-
rent and reduces the temperature gradient. In fact, if the 
enhancement in thermal conductivity is higher than the 
reduction in temperature gradient, the nano-PCM reject 
more heat and solidifies faster. This scenario is observed 
for all nanoparticle concentration taken in this investi-
gation. The improvement in heat transfer can be noticed 
from decreasing the PCM average temperature with 
increase nano concentration in Figure 20. Significant dif-
ferences in average PCM temperature are obtained at the 
final stage of discharging. Figure 21 manifests that inclu-
sion nanoparticles delay conduction superiority and max-
imizes convection contribution, causing the isotherms to 
appear more distorted and less crowded. This can be seen 
in hybrid nano-PCM (φ = 0.4%, 0.8%, 1.6% and 3.2%) as 
compare to pure PCM throughout all the solidification 
duration. Figure 22 shows little difference in solid-liquid 
interface’s configuration between the pure PCM case and 
hybrid nano-PCM cases during the last stages of solidi-
fication, when heat transfer is primarily by conduction. 
In fact, the variations are more obvious throughout the 
initial stages (e.g., 10 min) because of convection superi-
ority, However the contour lines appear more deformed in 
comparison to those of pure PCM case.

Concerning velocity field, Figure 23 demonstrates 
that the velocity magnitude at the upper portion of 

annulus is higher than lower portion, ascribing to buoy-
ancy effect which induce high convection current at 
upper portion of annulus. When hybrid nanoparticles 
are implemented to the pure PCM, the velocity values 
(red color region, for instance) diminish, implying a 
decrease in convection current of liquid PCM inside the 
annulus. Furthermore, when comparing the pure PCM 
to the nano-PCM, the distribution of velocity vectors 
seems more packed in the top zone. this indicate that the 
existence of nanoparticles resists the movement of liquid 
PCM over the initial stage (10 min and 45 min) of dis-
charging in which convection is dominant mode. This 
scenario is not true in subsequent solidification stages 
because of the evolving dominance of conduction over 
convection as time passes. The rise in nanoparticle con-
centration causes a slight drop in flow velocity during 
the last periods of solidification (90 min and 135 min., 
Figure 21). This is due to the viscosity rise of PCM-melt 
with adding Al2O3/CuO hybrid nanoparticles. Generally, 
the effect of nanoparticles on average PCM temperature, 
isotherms, liquid-fraction contours and velocity vectors 
becomes more pronounced as volume concentration 
boost and/or time passes.

Temporal variations of the liquid fraction of hybrid 
nano-PCM throughout the freezing process at 30 °C inlet 
temperature and 3 kg/min mass flow rate are depicted in 
Figure 24. According to the figure, the addition of Al2O3/
CuO nanoparticles with concentration 0.4%, 0.8%, 1.6% 
and 3.2% does not initially display a considerable dif-
ference, however over the time, a significant reduction 
of liquid fraction is observed as compared to the pure 
paraffin. The percentages of overall time reduction of 
nano-PCM in comparison to the comparable values in 
the case with pure PCM are listed in Table 4. The pure 
PCM requires 247 min to fully freeze. In comparison to 
pure PCM case, nano-PCM with concentration of 0.4%, 
0.8%, 1.6% and 3.2% needs less duration and leads in 
overall time savings of 10.9%, 14.1%, 17.8% and 23.8%, 
respectively.

Figure 19. Total solidification time for different HTF inlet 
temperature.

Figure 20. Average PCM temperature vs time for different 
nanoparticle concentration.
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Figure 21. Temperature contour for various volume fraction of nanoparticles at HTF inlet temperature of 30 °C and mass 
flow rate of 3 kg/min.
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Figure 22. Time evolution liquid fraction for different nanoparticle concentration.
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Figure 23. Tangential velocity vector at different duration and nano concentration throughout discharging of nano-PCM 
at THTF = 30 °C.
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CONCLUSION

The influence of employing paraffin equipped with 
Al2O3/CuO hybrid nano on the thermal performance of tri-
plex tube heat storage (TTHS) was analyzed and compared 
to pure paraffin (TTHS). The experimental and numerical 
studies were carried out at various inlet temperature (30, 
35 and 40 °C) and mass flow rate (3, 6, 9 and 12 kg/min). 
The subsequent major findings are obtained from this 
investigation:
1.	 Heat transfer and consequently discharging period are 

directly proportional to the inlet temperature of the 
HTF. The present research manifests that decrease the 
inlet HTF temperature from 40 °C to 30 °C can save 
total discharging duration by 38%.

2.	 The rate of solidification is more affected by HTF inlet 
temperature than by mass flow rate.

3.	 As the mass flow rate booted from 3 kg/min to 12 kg/
min, the overall discharging duration reduced by 8.5%.

4.	 PCM with hybrid nano-additives concentration of 
0.4%, 0.8%, 1.6%, and 3.2% can respectively save overall 
discharging period by 10.9%, 14.1%, 17.8%, and 23.8%.

5.	 The variation in average PCM temperature, isotherms, 
liquid-fraction and velocity value becomes increasingly 

noticeable as time evolves and/or the volume concen-
tration increase.

NOMENCLATURE

PCM	 Phase change material
TTHS	 Triplex tube heat storage
HTF	 Heat transfer fluid
AlN	 aluminium nitride
GNP	 graphene nano-platelets
DSC	 Differential scanning calorimetry

	 Fluid velocity (m/sec)
P	 Pressure (pa)

	 Gravity (m/sec2)
T	 Temperature (°C)

	 Darcy’s law damping term
t	 Time
h	 sensible enthalpy 
ΔH	 Latent heat content
Cp	 Specific heat (J/kg °C)
L	 Latent heat of fusion (J/kg)
k	 Thermal conductivity (w/m °C)
H	 Enthalpy of material (J /kg)

Greek symbols	
ρ	 Density (kg/m3)
µ	 Fluid viscosity (pa.s)
β	 Thermal expansion factor (1/K
λ	 Liquid fraction
φ	 Volume fraction

Subscripts	
npcm	 Nano-phase change material
hnpcm	 Hybrid nano phase change material
ref	 Reference value
np1	 Aluminum oxide nanoparticles
np2	 Copper oxide nanoparticles
hnp	 Hybrid nanoparticles
mush	 Mushy

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

Table 4. Influence of hybrid nanoparticles concentration 
on solidification time at HTF 30 °C

Concentration % Time (min) Time reduction %
0 247 0.0
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1.6 203 17.81
3.2 188 23.88

Figure 24. Temporal variation of liquid fraction for differ-
ent nanoparticle volume fraction.
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