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H I G H L I G H T S   A B S T R A C T  
• The heat transfer performance of energy 

storage was improved. 
• Hybrid nano-PCM was the most efficient 

enhancer. 
• An optimal 1.6% volume fraction balanced 

performance and economics. 
• 1.6% hybrid nano-PCM reduced overall 

melting time by 16.8%. 

 Latent thermal energy storage systems are widely utilized to match the inequality 
between heat supply and demand. Despite these systems' wide range of uses in 
various applications, their high potential is limited by the slow charging rate. The 
target of this study is to augment the thermal performance of paraffin-based on 
triplex tube heat storage by dispersion of two different types of conductive mono 
nanoparticles (Al2O3, CuO) and hybrid Nano additives of various volume fractions 
(0.4, 0.8, 1.6, 3.2%) into paraffin wax. The experimental work involves 
measurements and preparation of the considered Nano-PCM. The enthalpy 
porosity model and finite volume method simulated the melting process. The study 
also investigated the temperature and liquid fraction variations in the axial, radial, 
and angular directions throughout melting to aid in predicting heat transfer in the 
storage throughout the phase transition process of PCM. Results revealed that 
including 1.6% of hybrid nanoparticles in PCM can increase the stored energy by 
5.97%. The results also indicated that the hybrid nano-PCM exhibits the best phase 
transition rate and energy recovery for all volume fractions compared to mono-
nano-PCM. At 1.6% volume fraction, the storage efficiency can be improved up 
to 76.8%, 75.5%, and 73.63% for hybrid nano-PCM, Al2O3-PCM, and CuO-PCM, 
respectively. 
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1. Introduction 
The importance of sustainable energy and waste heat recovery from factories is growing to overcome the energy shortage 

issue and environmental crisis.  However, waste heat in traditional factories and sustainable energy sources (e.g., wind and solar 
power) exhibits periodic and intermittent patterns. Therefore, utilizing thermal storage devices is crucial for maintaining the 
efficiency and stability of these energy sources. 

Thermal storage devices can be categorized into three types according to their working substance: sensible heat storage, 
thermochemical heat storage, and latent heat storage [1,2]. The latent heat thermal energy storage device is favorable because it 
has a greater heat storage capacity than the sensible heat storage device [3,4]. Moreover, the phase change material (PCM), which 
serves as the working substance of latent heat energy storage devices, shows insignificant variation in its chemical and thermal 
characteristics even after conducting numerous thermal cycles. 

Storage unit-based PCM has been effectively incorporated into various applications, including solar thermal energy, waste 
heat recovery, building energy conservation, and electronics cooling. However, the low thermal conductivity of PCM causes a 
slow rate of charging and discharging process, which affects the overall performance of the system.  Therefore, to resolve this 
problem, several techniques have been developed over the last few decades. These enhancement techniques involve using fins 
[5,6], heat pipes [7,8], highly conductive metal foam [9,10], nanoparticles [11,12], graphite composites [13,14], and carbon 
nanotubes [15,16]. 

Al-Abidi et al. [17] examined the influence of longitudinal fin arrangement on the charging time of PCM in triplex tube heat 
storage (TTHS). Several fins arrangements (internal, external, and internal-external) and variations in fin length and fin thickness 
were experimentally and numerically investigated. According to the result, the optimal case's total charging time was reduced to 
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34.7%. The numerical study of the phase transition process in a vertical PCM container of double tubes coupled with sinusoidal 
wavy fins was carried out by Shahsavar et al., [18]. Different wavelengths and wave amplitudes for these fins were examined to 
determine the most efficient configuration. Their result revealed that the most effective values for these fin parameters were 
identified as 1 and 2 mm, respectively. These values enhance the phase transition rate by around 43.5% compared to the case 
with no fin. 

Baou et al. [19] employed metal and graphite foams to augment the thermal performance of a car radiator. To achieve that, 
various obstacle and porous media configurations were examined. It was discovered that there was a 237% improvement in the 
overall thermal performance of the system by choosing the optimal design and material of porous foam. The phase transition 
characteristics of the n-octadecane PCM in a cavity partially occupied with copper metal foams was studied by Liu et al., [20]. 
It utilized four configurations of partial porous filling with different metal foam filling techniques to discover the most effective 
one. The experimental findings showed that although metal foams enhance thermal conduction, they also diminish the cavity's 
convection current. 

Moreover, the best outcomes occur when the lower porous filling is used. Abbasi et al. [21] evaluated the effect of porous 
media for enhancing the charging process in shell and tube heat storage based PCM. Melting front (solid liquid interface) and 
the liquid fraction distribution were observed and investigated. Their result showed that total charging time can be reduced to 
80% by decreasing the foam porosity. Methods such as porous media or fins are superior in accelerating heat transition rate. 
However, they decrease the amount of PCM in the storage and consequently lead to a decrease in the overall thermal storage 
capacity of the unit. Including highly conductive nano-scale powder into PCMs to enhance their thermal characteristics may be 
more efficient in terms of PCM volume utilization. 

Nanoparticles are granular matter with sizes ranging from 1 to 100 nanometers.  They are extensively utilized in many 
applications, such as photocatalysis, polymer reinforcing, and heat transfer enhancement. Many studies have focused on using 
nanoparticles to enhance the thermal characteristics of fluids [22]. Hamali and Almusawa [23] applied the Galerkin technique to 
investigate water freezing with the assistance of extended surfaces and nanoparticles using a two-dimensional model. It utilized 
Y-shaped fins and CuO nanoparticles. Based on the result, including these nanoparticles can accelerate the freezing process by 
approximately 10%. Likewise, Rothan et al. [24] studied the effect of CuO nanopowder's shape factor on PCM's discharging 
process in the presence of radial fins. It was found that a larger shape factor results in a shorter discharging time. Quantitatively, 
around 10% of the improvement was achieved by distributing CuO nanoparticles with the optimum shape factor. The utilization 
of nanoparticles to speed up the paraffin charging process in a large-scale shell and tube thermal energy storage was conducted 
by Chiban et al., [25]. Four distinct types of nanoparticles were evaluated within this PCM by using a two-dimensional 
computational model. 

Additionally, the different volume concentrations of these nanoparticles were analyzed. It was concluded that despite the 
inclusion of nanoparticles being effective on the charging rate, boosting their volume concentration does not cause a significant 
impact on the values of liquid fraction and temperature. Zhang et al. [26] conducted studies to investigate molten salt flow's 
thermal characteristics using silicon dioxide nanoparticles in a concentrating solar power plant. The experimental result showed 
that the existence of these nanoparticles leads to an approximately 11.5% increase in the Nusselt number. In addition, several 
correlations were proposed to determine the thermal properties of flowing molten salt. Ghalambaz et al. [27] applied the Galerkin 
finite element approach to investigate improving the charging process in a cavity occupied with PCM. They examined the use 
of both mono and hybrid nanoparticles. The lateral sides of the chamber were thermally insulated, while the bottom and top 
surfaces were maintained at constant temperatures. They deduced that the presence of nanoparticles significantly influences the 
melting front at high Fourier numbers. Ghalambaz et al. [28], in another paper, conducted a study to assess the melting flow of 
paraffin in a cavity with the presence of a magnetic field. The thermal boundary conditions of the cavity were identical to those 
in their last investigation, with the addition of an external line-source magnet to generate a magnetic field. They found that the 
magnetic field's effect is insignificant at the beginning of the charging process, but it becomes increasingly considerable as time 
progresses. Sadiq et al. [29] carried out an experimental and numerical study to discover the thermal performance of a triplex 
tube heat storage by inserting paraffin wax on the annulus side. A blend of Al2O3 and CuO was used as conductive particle to 
enhance the thermal characteristics of Paraffin. It was observed that adding 3.2% of hybrid nanoparticles can decrease total 
melting time by 18.6%. Afsharpanah et al. [30] performed a comparison of different carbon-based nanoparticles in cold energy 
storage system for air cooling purposes in buildings. Additives of graphene nanoparticles and single-walled and multi-walled 
carbon nanotubes (SWCNT and MWCNT) were evaluated in this unit in comparison to metal-oxide nanoparticles in an effort to 
increase the discharging rate. Among these types of nanoparticles, it was discovered that the MWCNT nanoparticles exhibited 
the most favorable result, with a freezing rate that was up to 70.1% faster than the basic model. Arıcı et al. [31] used a combination 
of CuO nanoparticles and internal fins to accelerate the phase transition process of a PCM with temperature-dependent 
characteristics. A variety of orientations of cooled/heated surfaces were examined, in addition to fins of varying shapes and 
dimensions that were mounted to these surfaces. The obtained result showed that the charging rate can be improved by about 
68% compared to the case with no fins if the optimal fin shape is chosen and placed correctly. 

According to the previous survey, several methods for enhancing heat transfer involve using extended surfaces, porous 
materials, multiple PCMs, and conductive nanopowder in PCM. It was observed that fins and porous materials are widely utilized 
in the literature due to their ease of design and low cost. However, the existence of fins or metal foam in PCM may resist the 
growth of the natural current induced in the molten Region, which in turn would minimize the positive impact of extended 
surfaces on the thermal performance of storage. Furthermore, integrating solid material (e.g., fins and porous matrix) reduces the 
amount of PCM. It increases the overall storage weight, which deteriorates total storage energy and influences the mobility of 
these units. On the other hand, changing the configuration of heat storage is difficult to manufacture and does not always enhance 
the thermal performance of storage. Another candidate is to boost the thermal conductance of PCM by incorporating highly 
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conductive nanoscale powder, which has been shown to be suitable and easy to achieve with relatively little increase in overall 
storage weight.  

In this paper, the influence of using various types of nanoparticles with the PCM on triplex tube energy storage (TTHS) 
performance is numerically and experimentally performed. Paraffin wax as PCM is positioned in an annulus space between the 
intermediate and inner tubes, whereas heat transfer fluid (HTF) passes through both the inner tube and outer annulus. The 
originality of this work is to investigate the melting process of three different storage substances, including Al2O3-PCM, CuO-
PCM, and (Al2O3+ CuO)-PCM and compare with pure PCM. To find out the best substance with the optimal volume fraction of 
nanoparticles, three samples are prepared by inclusion of 0.4%, 0.8%, 1.6%, and 3.2% by volume of nanoparticles, respectively, 
in paraffin, for each type of nanoparticles. The literature showed a shortage of studies concerning the phase change characteristic 
of mono and hybrid-nano PCM in TTHS. Therefore, the major objective of this research is to discover the influence of mono 
and hybrid nanoparticle dispersion on heat transfer behavior throughout PCM melting in TTHS. Besides that, the variation of 
average temperature in the axial, radial, and angular directions is analyzed to assess the thermal response along the three 
directions. These averages were computed using thermocouple readings from various positions of the thermal storage facility. 

2. Experimental test and procedure 

2.1 Experimental apparatus 
The thermal storage device is triplex tube heat storage with 7 kg of PCM between the inner and middle tubes. A photograph 

and schematic diagram of the testing apparatus utilized in this investigation are depicted in Figure 1 and Figure 2, respectively. 
Apparently, HTF undergoes two cycles: the hot water cycle, during which thermal energy is transferred from heated water to 
PCM, and the warm-water cycle, where absorbed energy by PCM is transferred back into warm water. The test section comprises 
three horizontally arranged concentric tubes 600 mm long, see Figure.  The diameters of the inner tube, middle tube, and outer 
tube are 50 mm, 150 mm, and 200 mm, respectively. The inner and middle tubes are made of copper to reduce thermal resistance. 
A carbon steel tube is chosen for the outer tube. Two circular carbon steel flanges were provided to close both ends of the storage 
unit. Each flange has a central hole of 53 mm diameter to allow passage of the inner tube. Each flange is drilled with a 10 mm 
diameter hole to facilitate the passage of thermocouple wires. A 50 mm thick thermal insulator made of glass wool, with a 
thermal conductivity of 0.04 W/mK, wraps around the storage device to reduce heat loss. 

To quantify the temperature variation of PCM, sixty thermocouples of K-type were fastened within PCM and uniformly 
placed along the axial axis (sections A, B, and C), as illustrated in Figure 3. Twenty thermocouples are arranged in a radial and 
angular orientation over each section, as seen in Figure 4. In addition, one thermocouple is installed at the inlet to record the 
temperature of the inlet water, and two thermocouples at the outlet to record the temperature of the outlet water.  One is on the 
tube side, while the other is on the outer annulus. All thermocouples, which had a temperature measuring scope of 0–200℃ and 
an accuracy of ±0.3°C, were connected to a data logger. The data logger was then connected to a computer. In addition, a 
rotameter with a precision of 4% was employed to quantify the flow rate of HTF. 

 
Figure 1: Schematic drawing of test rig 
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Figure 2: Photo of test rig parts 

 
Figure 3: Sectional sketch of triplex tube heat storage 

 
Figure 4: Schematic drawing of thermocouple locations 
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2.2 Experimental procedure 
The water reservoir of 250 liters is equipped with a thermoelectric heater of 1500 W and a thermostat to heat the water and 

maintain constant water temperature throughout the experiment. Prior to the commencement of each test, warm water at a 
temperature of 30°C is circulated from the warm water reservoir into the inner tube and outer annulus of the TTHS to achieve a 
constant initial thermal condition. This process proceeded until PCM temperature (thermocouples readings) approached the water 
inlet temperature, which may last about 1 hour. The experiment began by delivering hot water at a pre-determined flow rate from 
the water reservoir with a steady temperature to the TTHS, where the PCM gains heat from the water. The data-collecting device 
recorded temperature values from thermocouples every 1-minute.  However, the test was ended as the entire PCM became in a 
liquid state. This can be observed when all temperature measurements from the thermocouples become higher than the melting 
temperature, and the discrepancy between the inlet and outlet temperatures of the HTF decreases to 0.5°C. This implies that 
PCM absorbs as much energy as possible, and the system approaches thermal equilibrium, which may require 3–3.5 hours, 
according to the case. 

 

2.3 PCM selections 
Paraffin wax, supplied by a paraffin corporation in China, was used as the PCM in this study. Literature frequently employs 

paraffin due to its chemical stability during the charging cycle, high latent heat of fusion, and non-toxicity compared to hydrated 
ions and non-organic paraffin. Differential scanning calorimetry (DSC) test was conducted to find out the paraffin's specific heat, 
latent heat of fusion, and phase transition temperature range. An experiment was undertaken on a 14.6-gram sample of PCM, 
with the temperature ranging from 40℃ to 900℃ and a heating rate of 20℃ /min. Figure 5 displays the DSC thermogram of the 
paraffin. The latent heat of fusion can be obtained by applying numerical integration to the area under the curve. The phase 
transition range can be determined by identifying the onset point and the point corresponding to the curve's peak. Table 1 presents 
the results acquired from this test. 

2.4 Preparation of nanoparticles dispersed paraffin 
The hybrid nano-additives were created by carefully blending equal Al2O3 and CuO nanoparticles in a clean container. 

Various hybrid nano volume fractions (0.4%, 0.8%, 1.6%, and 3.2%) were distributed within the molten paraffin. The choice of 
these volume concentrations is according to prior literature, which recommended a low-volume fraction of nanoparticles due to 
the adverse effects of a high-volume fraction. These effects include particle agglomeration, diminishing latent heat, and increased 
material cost [32,33]. 

To make nano-PCM, PCM is initially heated in a boiling water bath. Afterward, the nanoparticles were dispersed gradually 
into the molten PCM. The compound was heated and stirred simultaneously in the mechanical blender for 30 minutes to get a 
homogeneous compound. Subsequently, the mixture was poured layer by layer into the annulus to avoid forming any air pockets 
in the paraffin. A sufficient duration was allocated to solidify each liquid layer, after which the subsequent liquid layer was 
poured into storage. The process was repeated until the annulus was filled with paraffin. All the preparation processes are clearly 
outlined and depicted in Figure 6. 

 
Figure 5: Heat transfer variation vs temperature for tested paraffin wax 
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Figure 6: Heat transfer variation vs temperature for tested paraffin wax 

2.5 XRD and TEM analysis of nanoparticles 
Structural analysis of Al2O3 and CuO nanoparticles was carried out using X-ray diffraction (XRD). This analysis used a 

Bruker AXS D8 Advance X-ray diffractometer, employing Cu-Kα radiation within the 15–70° range and a step increment of 
0.02° degrees. The grain size was determined by applying the Scherrer formula described by Fathi and Hanifi [34], as expressed 
in Equation 1. In this equation, the sample's average crystallite size (D) is related to the broadening of its diffraction peaks (β). 
In contrast, λ is the wavelength of radiation, θ is the Bragg angle, and K is a fixed value of 0.9. On the other hand, the framework 
of nanoparticles in the PCM was identified and the data from the XRD analysis was verified using a transmission electron 
microscope (TEM) imaging devices for morphological evaluation. 

 𝐷𝐷 = 𝐾𝐾 𝜆𝜆
(𝛽𝛽) 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

  (1) 

2.6 Data reduction 
The amount of stored energy and thermal storage efficiency can be theoretically computed using the relations presented in 

Table 1. 

Table 1: Energy equations and theoretical efficiency 

Variables Equations 
Heat transfer rate in tube side 𝑞𝑞𝑡𝑡 =

1
2
�𝑚̇𝑚𝑐𝑐𝑝𝑝,𝐻𝐻𝐻𝐻𝐻𝐻�𝑇𝑇in − 𝑇𝑇out,t �� 

Heat transfer rate in shell side 𝑞𝑞𝑠𝑠 =
1
2
�𝑚̇𝑚𝑐𝑐𝑝𝑝,𝐻𝐻𝐻𝐻𝐻𝐻�𝑇𝑇in − 𝑇𝑇out,s �� 

Total Heat transfer rate 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑞𝑞𝑡𝑡 + 𝑞𝑞𝑠𝑠 
Accumulative energy [35] 𝑄𝑄charging = ∑0𝑡𝑡  𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝛥𝛥𝛥𝛥 
Maximum heat storage 𝑄𝑄max = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃�𝐶𝐶𝑃𝑃,𝑃𝑃𝑃𝑃𝑃𝑃(𝑇𝑇solidus −𝑇𝑇ini )+(𝐿𝐿)+𝐶𝐶𝑃𝑃,𝑃𝑃𝑃𝑃𝑃𝑃�𝑇𝑇end −𝑇𝑇liquidus �� 
Thermal storage efficiency [36] 

𝑛𝑛theory =
𝑄𝑄charging 

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 
 

2.7 Uncertainty analysis 
Because of measurement device errors, uncertainty analysis is required. The analysis was performed based on Moffat [37]. 

The total uncertainty of heat transfer for different volume fractions is presented in Table 2. 
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(R) is estimated as follows: 

   𝛿𝛿𝛿𝛿𝑋𝑋𝑖𝑖 = 𝜕𝜕𝜕𝜕 
𝜕𝜕𝑋𝑋𝑖𝑖

∗ 𝛿𝛿𝑋𝑋𝑖𝑖   (2) 

 𝑆𝑆𝑅𝑅 = �∑ (𝜕𝜕𝜕𝜕 
𝜕𝜕𝑋𝑋𝑖𝑖

∗ 𝛿𝛿𝑋𝑋𝑖𝑖)2𝑚𝑚
𝑖𝑖=1 �

0.5
 (3) 

SR is the uncertainty in the result, which can be expressed in Equation 4: 

 𝑆𝑆𝑅𝑅 = �(𝜕𝜕𝜕𝜕 
𝜕𝜕𝑋̇𝑋1

𝑆𝑆𝑋𝑋1)2 + (𝜕𝜕𝜕𝜕 
𝜕𝜕𝑋̇𝑋2

𝑆𝑆𝑋𝑋2)2 + ⋯… … + (𝜕𝜕𝜕𝜕 
𝜕𝜕𝑋̇𝑋𝑖𝑖

𝑆𝑆𝑋𝑋𝑋𝑋)2�
0.5

 (4) 

The heat transfer (Q) is a function of two variables: 

 𝑄𝑄 = 𝑓𝑓(𝑚̇𝑚,𝛥𝛥𝛥𝛥)  (5) 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝑚̇𝑚

= 𝐶𝐶𝑝𝑝𝛥𝛥𝛥𝛥  (6) 

 ∆𝑇𝑇 = 𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜  (7) 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕

= 𝑚̇𝑚𝐶𝐶𝑝𝑝  (8) 

The uncertainty of the heat transfer (SQ) is given in Equation 9 as follows: 

 𝑆𝑆𝑄𝑄 = ��𝜕𝜕𝜕𝜕
𝜕𝜕𝑚̇𝑚

𝑆𝑆𝑚̇𝑚�
2

+ � 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕

𝑆𝑆𝛥𝛥𝛥𝛥�
2
�
1/2

  (9) 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑆𝑆𝑄𝑄
𝑄𝑄

   (10) 

Table 2: Uncertainty for hybrid nano-PCM 

Volume fraction (%) Uncertainty (w) Relative uncertainty (%) 
0.4 7.896 2.039 
0.8 5.177 1.077 
1.6 4.194 0.777 
3.2 3.761 0.640 

3. Numerical model 

3.1 Governing equations 
The phase transition process in a TTHS is simulated utilizing the enthalpy porosity technique for three-dimensional models 

[38]. The subsequent assumptions are taken into consideration in the mathematical model: 
 

• The flow regime is assumed to be laminar. 
• The term of viscous dissipation has been neglected. Thus, the viscous incompressible flow are described by Navier-

Stokes and thermal energy equations, respectively [39]. 
• The variation of HTF temperature and heat transfer with the surroundings are negligible. 
• There is no-slip condition for fluid at the walls. 
• Thermophysical properties of the PCM are temperature-dependent, excluding the specific heat, which is considered 

constant. 
 

Based on the previous assumptions, the governing equations can be formulated as following: 
Continuity equation: 

 
𝜕𝜕𝜌𝜌hnpcm

𝜕𝜕𝜕𝜕
+ 𝛻𝛻 ⋅ �𝜌𝜌hnpcm𝑉𝑉�⃗ � = 0  (11) 

Momentum equation: 

 
𝜕𝜕𝑉𝑉��⃗
𝜕𝜕𝜕𝜕

+ 𝑉𝑉�⃗ ⋅ 𝛻𝛻𝑉𝑉�⃗ = 1
𝜌𝜌hnpcm 

�−𝛻𝛻𝛻𝛻 + 𝜇𝜇ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝛻𝛻2𝑉𝑉�⃗ + (𝜌𝜌𝜌𝜌)ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑔⃗𝑔� 𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�� + 𝑆𝑆   (12) 
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Thermal energy equation: 

 
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+ 𝜕𝜕(𝛻𝛻𝛻𝛻)
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ⋅ �𝑉𝑉�⃗ ℎ� = 𝛻𝛻 ⋅ � 𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�𝜌𝜌𝐶𝐶𝑝𝑝�ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝛻𝛻𝛻𝛻�  (13) 

The enthalpy of the material can be estimated as the sum of the sensible enthalpy (h) and the latent heat (Δ𝐻𝐻) [40] 

 𝐻𝐻 = ℎ + 𝛥𝛥𝛥𝛥  (14) 

where 

 ℎ = ℎref + ∫  𝑇𝑇
𝑇𝑇sef 

𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑  (15) 

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, 𝐿𝐿  

 𝛥𝛥𝛥𝛥 = 𝜆𝜆𝜆𝜆  (16) 

where Δ𝐻𝐻 may vary from zero (solid) to 𝐿𝐿 (liquid). Therefore, the liquid fraction, 𝜆𝜆, can be defined from Equation 17: 

 𝜆𝜆 =

⎩
⎪
⎨

⎪
⎧

𝛥𝛥𝛥𝛥
𝐿𝐿

= 0 if 𝑇𝑇 < 𝑇𝑇solidus 
𝛥𝛥𝛥𝛥
𝐿𝐿

= 1 if 𝑇𝑇 > 𝑇𝑇liquidus 
𝛥𝛥𝛥𝛥
𝐿𝐿

= 𝑇𝑇−𝑇𝑇solidus 
𝑇𝑇liquidus −𝑇𝑇solidus 

 if 𝑇𝑇solidus < 𝑇𝑇 < 𝑇𝑇liquidus 

               (17) 

In Equation (12), 𝑆𝑆 is Darcy's law damping terms (as source term) that is implemented to the momentum equation due to 
phase change effects on convective heat transfer, which is found as  [41]: 

 S�⃗ = (1−λ)2

λ3
AmushV��⃗     (18) 

The coefficient Amush is a mushy zone constant. This constant is large, usually 105–106 [42]. In the current study, Amush 
is assumed constant and assigned to 106. To model the paraffin's melting process in the existing Al2O3/CuO hybrid nanoparticles 
of different volume fraction, the subsequent relations were implemented to estimate the thermal characteristics of the hybrid 
nano-PCM. 

The overall volume fraction of hybrid nanoparticles in the compound can be calculated from Equation19 [43]: 

 φhnp = φnp1 + φnp2  (19) 

The density of mono nano-PCM can be predicted from Equation 20 [44, 45]: 

 ρnpcm = ρnp φnp + �1 − φnp�ρpcm (20) 

The density of hybrid nano-PCM (𝜌𝜌hnpcm ) is presented in Equation 21: 

 ρhnpcm = ρhnp φhnp + �1 − φhnp�ρpcm  (21) 

The subscript hnpcm represents a hybrid nano-PCM. 𝜌𝜌hnp is the equivalent density of hybrid nanoparticles, which is 
presented in Equation (22) [43]: 

 ρhnp = φnp1ρnp1+φnp2ρnp2
φhnp

  (22) 

The following Equation (23) was utilized to theoretically calculate the value of the specific heat of mono nano-PCM, which 
is formulated according to the principle of mixture theory [44]: 

 Cp,npcm =  Cp,np ρnp  φnp+Cp,pcm ρpcm �1−φnp�
ρnpcm

  (23) 

Specific heat of hybrid nano-PCM can be estimated from Equation 24: 
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 Cp,hnpcm =  Cp,hnp ρhnp  φhnp+Cp,pcm ρpcm �1−φhnp�
ρhnpcm

  (24) 

 
Equivalent specific heat (𝐶𝐶𝑝𝑝,ℎ𝑛𝑛𝑛𝑛) of hybrid nanoparticles can be calculated from Equation (25) [43]: 

 Cp,hnp =  φnp1 Cp.np1 ρnp1+φnp2 Cp,np2 ρnp2
ρhnpcm φhnp

  (25)  

The viscosity of hybrid nano-PCM is estimated according to the Batchelor model [46] as presented in Equation 26: 

 μhnpcm = �1 + 2.5φhnp + 6.2(φhnp)2�μpcm (26) 

Maxwell's model was used to find the thermal conductivity of monospherical nanoparticles and well-mixed particles in a 
substance. It is derived according to the effective medium theory. The Equation (27) that Maxwell created can be used for low-
volume fractions [47,48]: 

 knpcm = �knp+2kpcm+2�knp−kpcm�φnp

knp+2kpcm−�knp−kpcm�φnp
� kpcm (27) 

The thermal conductivity of hybrid nano-PCM is obtained based on the Maxwell model in Equation 28: 

 khnpcm = �khnp+2kpcm+2�khnp−kpcm�φhnp
khnp+2kpcm−�khnp−kpcm�φhnp

� kpcm (28) 

Equivalent thermal conductivity of hybrid nanoparticles (𝑘𝑘ℎ𝑛𝑛𝑛𝑛) is given in Equation 29 as [43] 

 khnp = �φnp1 knp1+φnp2 knp2�
φhnp

  (29) 

Latent heat of fusion of mono nano-PCM is presented in Equation 30 [49]: 

 𝐿𝐿ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝 �1−φnp�

ρnPCM 
  (30) 

Latent heat of fusion of hybrid nano-PCM is presented in Equation 31 [50]: 

 𝐿𝐿ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =
𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝 �1−φhnp�

ρhnPCM 
  (31) 

The thermophysical properties of paraffin, Al2O3, and CuO are listed in Table 3. 

Table 3: Paraffin and nano-particle thermophysical properties  [51,52] 

Properties Pure PCM Al2O3 CuO 

Density (kg/m3) 750
0.001(𝑇𝑇 − 319.15) + 1 

3970 [53] 6500 [51] 

Specific heat (J/kg °C) 2149 765   [51] 535.6 [51] 

Thermal conductivity (w/m °C) 0.21 if 𝑇𝑇 < 𝑇𝑇solidus  
0.12 if 𝑇𝑇 > 𝑇𝑇liquidus  

36     [52] 18      [52] 

Viscosity (pa.s) 0.001exp �−4.25 +
1790
𝑇𝑇 � - - 

Latent heat of fusion (J/kg) 146700 - - 

Solidus temperature, °C 52 - - 

Liquidus temperature, °C 54 - - 

Thermal expansion factor (1/K) 0.001 [39] - - 
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3.2 Validation of numerical model 
To validate the mathematical model, the time wise variation of average temperature of the PCM zone determined by the 

simulation is compared with the experimental result of Al-Abidi et al. [17] for an identical storage system as displayed in Figure 
7. As can be seen, a maximum deviation of about 4.5%, can be noticed between the experimental and numerical results, indicating 
that the phase transition modeling is highly reliable and accurate. According to Reference  [17], the storage dimensions and 
operating conditions for the verification process are outlined as follows: 

• The inner, intermediate and outer tubes diameters of the storage device are 50.8, 150, and 200 mm, respectively. 
• The initial temperature of the PCM was set to 27°C, whereas the HTF temperature was 90°C. 
• The mass flow rate of the HTF was 8.3 l/min. 
• The RT82 paraffin were used as PCM with solidus and liquidus temperature of 70℃ and 82°C, respectively. 

 
Figure 7: Comparison of the PCM average temperature of the present numerical data and experimental  

                                  data provided [17] 

3.3 Boundary and initial conditions 
To guarantee that the entire phase change material (PCM) is initially in its solid state, the temperature at the beginning must 

be set at a value lower than the melting temperature. Therefore, the initial temperature was set to 30 c for all cases. The type 
"velocity-inlet" and "pressure-outlet" boundary conditions were selected for HTF at the inlet and outlet of the TTHS system, 
respectively. The mass flow rate of HTF was 3 kg/min, while HTF inlet temperature was 70°C. Since the outer surface of storage 
is insulated, the other tube surface in TTHS is chosen as an adiabatic wall. The computational domains with associated boundary 
conditions are demonstrated in Figure 8. 

 
Figure 8: Physical domain and Boundary conditions of TTHS 

3.4 Numerical schemes and validation 
The group of partial differential equations was resolved using the ANSYS FLUENT 21 software. The QUICK differencing 

scheme [54] is utilized to solve the momentum and energy equations, while the PISO (Pressure Implicit with Splitting of 
Operator) algorithm [55] is employed for the pressure-velocity coupling. The PRESTO (Pressure Staggering Option) scheme 
was applied for pressure correction. The phase transition process of PCM is simulated using the enthalpy-porosity model [56], 
[57].  This mathematical model determines a liquid fraction for each computational cell according to the enthalpy balance. 



Ibrahim E. Sadiq et al. Engineering and Technology Journal 42 (01) (2024) 206 - 231   
 

216 

To attain a stable solution via iterations, the under relaxation factors of 0.6, 0.3, 1, and 0.9 were applied, respectively, to the 
velocity components, pressure correction, thermal energy, and liquid fraction. The mesh independence test was accomplished by 
comparing the variations in total melting time over several grid sizes Table 4. It was found that the number of elements of 309120 
was adequate to produce a solution independent of the number of elements. For each time step of 0.01 s, a total number of 
iterations of 20 was determined to be adequate in meeting the convergence criterion of 10-7 for the energy equation and 10-5 for 
the mass and momentum equations. 

Table 4: Grid size and time step independence performed on a sample of 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 

 
To verify the present work, a comparison is performed between the experimental and numerical work of the present work. 

Figure 9 indicates the variation of the experimental and numerical average temperature for 0.4% volume fraction, 62°C HTF 
inlet temperature, and 3 kg/min mass flow rate. There is a good agreement between the experimental and numerical results with 
about a 4% average discrepancy. 

 
Figure 9: Comparison of average temperature between the experimental and numerical result 

4. Results and discussion  
4.1. Thermal variation for energy storage 

Most experimental and numerical investigations have adopted a two-dimensional methodology to examine the thermal 
performance of energy storage. These studies typically analyze the PCM's behavior in radial and angular directions (R, θ) or the 
radial and axial directions (R, Z). This study analyzes the variation of average temperature in the axial, radial, and angular 
directions to assess the thermal response along the three directions. These averages were computed using thermocouple readings 
from various positions of the thermal storage facility. 

4.1.1 Axial variation 
Figures 10-12 depict the temporal variation of average temperature along the axial direction, 3-D temperature contour, and 

3-D liquid-fraction contours. The average PCM temperatures were obtained by taking the average value of 20 thermocouple 
recordings located at various sections along the storage: section A (10 mm), section B (300 mm), and section C (590 mm). As 
can be seen from Figure 10, The highest average temperature can be noticed at section A, which is nearest to the inlet, followed 
by section B and then section C. This is because the heat transfer is the highest at section A, followed by sections B and C. These 
heat transfer variations are related to the fact that as HTF passes through the heat storage, it rejects heat to PCM. Therefore, the 
temperature of HTF and the temperature of tube surfaces decrease along the storage, and hence, the heat transfer rate decreases 
correspondingly, as seen in Figure 11. 

It can also be observed from Figure 10 that the PCM temperature difference between sections A and B is higher than the 
temperature difference between section B and section C. This is due to high heat transfer at section A, resulting in a sharp 
decrease in HTF temperature along the distance between section A and section B, followed by a gradual decrease in HTF after 
section B. The maximum temperature difference of PCM between sections A and B is 2.22°C, whereas the temperature difference 
between sections B and C is 1.23°C at t = 25 min. After t = 90 min, the axial temperature and liquid fraction variation become 
less significant. This is because, after t = 90 min, all PCM in the upper portion of the annulus is melted. Thus, the convection 
dominancy is diminished, see Figure 12, thereby reducing the heat transfer rate. As a rule of thumb, the lower heat transfer 
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between HTF and PCM causes more uniform temperature distribution along the axial direction for both HTF and heat transfer 
surfaces; see Figure 11. It can be concluded that the variation of PCM temperature and liquid fraction directly relates to the 
temperature distribution of HTF in a tube and outer shell. In other words, high heat transfers between PCM and HTF result in a 
high axial variation and vice versa. 

Quantitatively, the total time required for complete melting is 151 min, 156 min, and 160 min for sections A, B, and C, 
respectively. This implies that the overall duration of melting for section B is extended by 3.31% compared to section A, while 
the total melting duration for section C is increased by 2.56% compared to section B. 

 
Figure 10: Average temperature versus time along the axial direction during charging proce 

 
Figure 11: Temperature contour of 3-D model with time for 𝑚̇𝑚 = 3 kg/min and HTFT = 70°C 
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Figure 11: Continued 

 
Figure 12: liquid fraction of 3-D model versus time at 𝑚̇𝑚 = 3 kg/min and HTFT = 70°C 
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Figure 12: Continued 

4.1.2 Angular variation 
Figures 13 - 15 depicts the time-wise variation of average PCM temperature in the angular direction throughout the melting 

process for sections A, B, and C. These variations were predicted according to the average value of four thermocouples recordings 
located at the same angular direction (90°, 45°, 0°, -45°, and -90°). During the initial stage of charging (t = 10 min). Figure 13 
shows the insignificant variation of the average PCM temperature over different angular directions, attributing to the efficient 
thermal diffusion and uniform heat conduction through the annulus in all directions. This condition is changed after t = 20 min 
as the average temperature at θ = 90° becomes higher than that at θ = -90° due to the creation of buoyancy force that pushes the 
hot melted PCM upward and thus speeds up the melting process in the upper part of annulus. However, the conduction heat 
transfer still dominates the lower part of the annulus. That is why the rate of temperature increase in the lower half is 
comparatively low.  The average temperatures in the three angular directions θ = 90°, θ = 45°, and θ = 0° were almost identical 
at the end of the charging process. In contrast, the average temperature at θ = -45° and θ = -90° were lower. This difference can 
be ascribed to the effect of thermal diffusion and natural convection, as the PCM melting point was reached earlier in the angular 
directions θ = 90°, θ = 45°, and θ = 0° than in the other directions. Quantitatively, the time required to reach complete melting 
for angular directions θ = 90°, θ = 45°, θ = 0°, θ = -45° and θ = -90° are 33 min, 44 min, 69 min, 118 min, and 151 min, 
respectively. This means that the time required to complete melting in the lower Region (θ = -90°) is approximately 4.5 times 
the time required for the upper Region (θ = 90°). 

Figure 14 and Figure 15 show the temperature change over time for sections B and C, respectively. A similar average 
temperature trend is observed for sections B and C compared to section A. However, Region I (sensible heat) of sections B and 
C takes longer than Section A. This is related to the temperature of heat transfer surfaces being lower for section B and C than 
section A, leading to decreased temperature difference between heat transfer surfaces and PCM, reducing the heat transfer rate. 
Therefore, the solid PCM takes longer to absorb the required sensible heat to reach melting point. 
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Figure 13: Average temperatures measured along the angular direction at Section A throughout the charging process 

 
Figure 14: Average PCM temperature for different angular direction at section B during charging process 

 
Figure 15: Average temperatures measured along the angular direction at Section C throughout the melting process 
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4.1.3 Radial variation 
Figures 16-18 displays the average temperature of PCM along the radial axis at various periods of the melting process. These 

average temperature distributions were estimated by taking the average of five thermocouples at the same radial distance from 
the inner tube (r = 10, 20, 30, and 40 mm). At the initial stage of the charging process (t = 5 min), the temperature variations 
among the four distances were significantly observed. The temperature of the region (r = 40 mm) and region (r = 10 mm) are 
higher than other regions of PCM. This is because the Region (r = 40 mm) and Region (r = 10 mm) are respectively near to 
intermediate and inner heat transfer tubes directly in contact with hot water. However, there is an insignificant temperature 
change between r = 20 mm and r = 30 mm, away from heat transfer surfaces. It can be stated that the maximum temperature is 
noticed at a radial distance of 40 mm, with the second highest temperature occurring at a radial distance of 10 mm. This occurs 
due to the undue effect of the PCM's hot liquid the PCM's hot liquid phase towards the intermediate tube's upper region. In this 
Region, the liquid PCM absorbs a further amount of heat (referred to as sensible heat) from the surface, leading to a large increase 
in the average temperature of liquid PCM in region r = 40 mm.  

As time passes, the temperature of zone r = 10 mm increases at a higher rate than other zones. After t = 120 min, the 
temperature of PCM at r = 10 mm becomes the highest, whereas it is the lowest temperature at r = 40 mm. This is because, after 
120 minutes of melting, all PCM has melted except the region near the intermediate tube in the lower part of the annulus. 
Therefore, the liquid PCM absorbs heat from the inner tube as sensible heat, resulting in a sharp temperature increase of liquid 
PCM at r = 10 mm. However, a portion of the heat that transfers from the intermediate tube to liquid PCM is absorbed by solid 
PCM as latent heat, suppressing the temperature increase of region r = 40 mm. 

 
Figure 16: Average temperatures measured along the radial direction at Section A during the charging process 

 
Figure 17: Average temperatures measured along the radial direction at Section B during the charging process 
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Figure 18: Average temperatures measured along the radial direction at Section C during the charging process 

4.2 Microstructure of nanoparticles and composites 
Figure 19 and Figure 20 illustrate the XRD patterns of Al2O3 and CuO nanoparticles, respectively. Based on Figure 19, 

various peak position to ϒ-Al2O3 is exhibited in the XRD profile of Al2O3. The XRD trends of Al2O3 revealed three major peaks 
at 2θ angles of 36.2˚, 46.32˚, and 66.84˚. In addition, three distinct diffraction peaks at 2θ angles of 35.61˚, 38.84˚, and 48.87˚ 
are revealed in the XRD profile for CuO nanoparticles, see Figure 20. These strongest peak magnitudes were used to assess the 
crystallite size of the nanoparticles. Using Scherrer formulas, the average crystallite particle size of the Al2O3 and CuO were 
estimated to be 9.1 nm and 22.9 nm, respectively. The crystallite sizes of Al2O3 and CuO nanoparticles for each major peak are 
presented in Table 5. 

  
Figure 19: XRD profile of Al2O3 nanoparticles Figure 20: XRD profile of CuO nanoparticles 

 

Table 5: Crystallite size of nanoparticle 

substance Peak position (2θ) FWHM (β) Crystallite size (nm) Average size (nm) 
Al2O3 36.2 0.8646 10.1 9.1 

46.32 0.96 9.4 
66.8483 1.2433 8 

CuO 35.6158 0.338 25.79 22.9 
38.8421 0.4329 20.33 
48.8793 0.4013 22.72 

 
Figures 21(A) and 21(B) demonstrate the transmission electron microscopy (TEM) image of Al2O3-CuO hybrid nano-PCM. 

The Al2O3 nanoparticles arrange themselves in a chain-like structure surrounding the CuO nanoparticles. This is because Al2O3 
nanoparticles have a smaller particle size distribution than CuO nanoparticles. Furthermore, it can be noticed that both Al2O3 
and CuO nanoparticles coexist in an agglomerated state and do not present as individual isolated structures. This proved that the 
Al2O3 and CuO nanoparticles interacted, which led to a wide range of particle sizes. It can also be observed that particles are 
almost spherical. 
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(A) 

 
(B) 

Figure 21: TEM image of Al2O3-CuO hybrid nano-PCM (A) 100 nm and (B) 20 nm 

4.3 Comparison between mono and hybrid nano-pcm 
Figures 22 - 25 illustrate liquid fraction variation for various sorts of substances [Pure PCM, (CuO - PCM), (Al2O3 -PCM), 

and (50% CuO + 50% Al2O3 / PCM)] with different volume fractions (0.4, 0.8, 1.6 and 3.2%), respectively. Based on the figures, 
the liquid fraction of mono nanoparticles (CuO - PCM), (Al2O3 - PCM), and hybrid nano-PCM are higher than the pure PCM. 
However, the liquid fraction of hybrid Nano-PCM (CuO + Al2O3 - PCM) is higher than that of (Al2O3 - PCM) and (CuO - PCM) 
mono-Nano-PCM. This is because the thermal conductivity of hybrid nano-PCM is higher than mono-Nano-PCM's. It can be 
noticed from Figure 22 that the PCM with CuO has the lowest enhancement compared to PCM with Al2O3 and hybrid nano-
PCM. This is due to the lowest increase in thermal conductivity and higher increase in mixture viscosity compared to Al2O3-
PCM. As a rule of thumb, high viscosity resists the liquid movement. In comparison to pure PCM, the total melting time of 
hybrid Nano-PCM and Mono-Nano-PCM (Al2O3-PCM) and (CuO-PCM) for 0.4% concentration were reduced by 10.24, 9.03, 
and 3.01%, respectively. 

 
Figure 22: Liquid fraction of mono-nano-PCM and their hybrid at volume fraction of 0.4% 
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Figure 23: Comparison between liquid fraction of mono-nano-PCM and their hybrid at volume fraction of 0.8% 

 
Figure 24: Comparison between liquid fraction of mono-nano-PCM and their hybrid at volume fraction of 1.6% 

 
Figure 25: Liquid fraction of mono-nano-PCM and their hybrid at 3.2% volume fraction 
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Moreover, the total melting time of the hybrid Nano-PCM and mono-Nano-PCM (Al2O3-PCM) and (CuO-PCM) for 0.8% 
concentration were further reduced by 13.85, 12.04, and 4.81%, respectively compared to pure PCM, see Figure 23. 

Figure 26 depicts the total melting time for pure PCM, mono-nano-PCM, and hybrid nano-PCM. Generally, the difference 
in total melting time between hybrid, Al2O3-PCM, and CuO-PCM increases with increasing the volume fraction and reaches its 
highest at 3.2% volume concentration. The total melting time decreased to 135 min, 138 min, and 152 min for the hybrid Nano-
PCM, Al2O3-PCM, and CuO-PCM, respectively. 

 
Figure 26: Total melting time for pure PCM, mono-nano-PCM and hybrid nano-PCM at various volume concentration 

The stored energy at t = 90 min for different storage substances [Pure PCM, (CuO - PCM), (Al2O3 -PCM), and (50% CuO 
+ 50% Al2O3 / PCM)] with various volume concentrations is presented in Figure 27. Regardless of Nano concentration, the 
stored energy for hybrid Nano-PCM is the highest, followed by Al2O3-PCM and CuO. This is because the hybrid Nano-PCM 
has the highest value of thermal conductivity and comparable value of latent heat of fusion, affecting the stored energy. Also, 
the hybrid Nano-PCM exhibits many interactions among its constituent nanoparticles. 

 
Figure 27: Stored energy for pure PCM, mono-nano-PCM and hybrid nano-PCM at various volume concentration 
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Furthermore, the stored energy of mono-Nano-PCM and hybrid Nano-PCM are increased with the volume fraction. 
However, there is an insignificant increase in the stored energy of CuO-PCM compared to pure PCM. This is because the CuO-
PCM possesses the lowest thermal conductivity value and fusion latent heat. On the other hand, Al2O3-PCM has a moderate 
value of stored energy due to its comparable thermal conductivity value, the highest value of latent heat of fusion, and lower 
viscosity value. Increasing the stored energy with increasing volume fraction is related to the random movement of nanoparticles, 
which can flatten the temperature variation within the mixture and cause a sharp temperature change between the wall and the 
mixture. Consequently, the heat transfer between the wall and the mixture would be accelerated. Moreover, the micro-motion 
induced by nanoparticles augments the momentum exchange between liquid layers, increasing turbulence intensity and thus 
further amplifying the charging rate. In fact, the random micro-motion can be increased as the volume fraction of nanoparticles 
increases [58,59]. 

Table 6 shows the storage efficiency of mono-Nano-PCM and hybrid Nano-PCM. The storage efficiency can increase up to 
77.15, 75.76, and 73.77% at a 3.2% volume fraction for hybrid nano-PCM, Al2O3-PCM, and CuO-PCM, respectively. 

 

Table 6: Comparison of storage efficiency for different substances. 

Volume fraction (%) Substance Melting time 
[min] 

Reduction 
(%) 

Stored energy 
(kJ) 

Storage efficiency 
(%) 

0 Pure PCM 166 - 1180.28 72.47 

0.4 
CuO-PCM 161 3.01 1188.54 72.978 
Al2O3-PCM 151 9.03 1200.34 73.7 
Hybrid nano-PCM 149 10.24 1206 74.05 

0.8 
CuO-PCM 158 4.81 1195.62 73.41 
Al2O3-PCM 146 12.04 1216.68 74.7 
Hybrid nano-PCM 143 13.85 1228.33 75.42 

1.6 
CuO-PCM 154 7.22 1199.16 73.63 
Al2O3-PCM 141 15.06 1229.67 75.5 
Hybrid nano-PCM 138 16.86 1250.78 76.8 

3.2 
CuO-PCM 152 8.43 1201.52 73.77 
Al2O3-PCM 138 16.86 1233.93 75.76 
Hybrid nano-PCM 135 18.67 1256.51 77.15 

 
Based on the aforementioned argument, it can be concluded that the hybrid Nano-PCM is advantageous over mono-Nano-

PCM in terms of heat transfer enhancement and energy recovery for all volume fractions, followed by mono-Nano-PCM (Al2O3 
- PCM) and then CuO - PCM. 

 

4.4  Correlations For Current Study  
A novel correlation was proposed to predict liquid fraction, total melting time, and accumulative energy for hybrid nano-

PCM. 
The liquid fraction is correlated in terms of time volume fraction. Therefore, the liquid fraction is formulated in Equation 

32: 

 𝜆𝜆 = 1 − (1 − 0.00951 ∗ 𝑡𝑡 ∗ 𝜑𝜑0.07)1.47082  (32) 

     
The deviation between the evaluated result and the result estimated from the correlation above is illustrated in Figure 28A. 

As seen, the maximum discrepancy is ±7%.  
The total melting time (𝜏𝜏) is correlated to volume fraction and HTFT in the Equation 33: 

 𝜏𝜏 = 43.0638 ∗ 𝜑𝜑−0.048 ∗ �𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝑇𝑇𝑚𝑚
𝑇𝑇𝑚𝑚

�
−0.90894

   (33) 

where, 𝑇𝑇𝑚𝑚 is the meeting temperature of PCM. The maximum error between evaluated data and data obtained from Equation 
33 does not exceed ± 4%, see Figure 28B. 
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                                                       (B) 

Figure 28: Comparison of evaluated and correlated result for melting process (A) liquid fraction (B) total melting time 

5. Conclusion 
The influence of using hybrid nano-PCM (Al2O3/CuO+PCM) on the thermal performance of a triplex tube heat storage 

(TTHS) was investigated and compared to those of the mono nano-PCM and pure PCM. The experiments and numerical analysis 
were conducted at various volume fractions of nanoparticles (0.4%, 0.8%, 1.6% and 3.2%). The upcoming major conclusions 
are obtained from this study: 

• The hybrid Nano-PCM is superior to mono-Nano-PCM in terms of heat transfer enhancement and energy recovery 
for all volume fractions, followed by mono-Nano-PCM (Al2O3-PCM) and CuO-PCM. 

• At 0.8% volume fraction, the hybrid Nano-PCM, mono-Nano-PCM (Al2O3-PCM), and CuO-PCM melted faster 
than pure PCM by 13.85%, 12.04%, and 4.81%, respectively. 

• At 3.2% volume fraction, the storage efficiency can be improved and determined as 77.15, 75.76, and 73.77% for 
hybrid nano-PCM, Al2O3-PCM, and CuO-PCM, respectively. 

• PCM with hybrid Nano-additive concentrations of 0.4%, 0.8%, 1.6%, and 3.2% can save the overall charging period 
by 10.2%, 13.8%, 16.8%, and 18.6%. 

• By doubling the volume fraction from 1.6% to 3.2%, the accumulative energy was enhanced by only 5.73 kJ, and 
the storage efficiency was improved by only 0.35% for hybrid nano-PCM 

• Correlations for time-based liquid fraction and total charging/discharging time are formulated to volume fraction. 
The maximum deviation between the evaluated result and predicted from correlations does not exceed ± 7% for 
liquid fraction and around ± 4% for total charging/discharging time. 
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Nomenclature 

 Symbol  Definition  Units 
 V ⃗  Fluid velocity  m/sec 
 P  Pressure  pa 
 g ⃗  Gravity  m/sec2 
 T  Temperature  °C 
 S ⃗  Darcy's law damping term  - 
 t  Time  Minute 
 h  sensible enthalpy    j/kg 
 ΔH  Latent heat content  j 
 Cp  Specific heat  J/kg °C 
 L  Latent heat of fusion  J/kg 
 k  Thermal conductivity  w/m °C 
      

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

Subscripts     
 Symbol  Description   

 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   
      

Abbreviations 
 Symbols 

    

   Fluid velocity (m/sec)   
 PCM  Phase change material   
 TTHS  Triplex tube heat storage   
 HTF  Heat transfer fluid   
 AlN  aluminium nitride   
 GNP  graphene nano-platelets   
 DSC  Differential scanning calorimetry   
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