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Abstract  

Developing a latent heat storage system is crucial for enhancing the efficiency of heat that is absorbed 

from the sun to storing in the solar thermal energy storage system. In present study, numerical analysis using 

CFD with experimental validation is used to simulate the effect of geometrical shape (tube, nozzle, and 

reducer) rounded by fins with circular shape to enhance the latent heat storage of phase change material 

(PCM). In addition to analysis the effect of 2% and 5% of aluminum oxide nanoparticles to the PCM. The 

predicted results showed that the nozzle shape give the fastest melting time compared between the other shapes 

where the melting time decreased by 9.1% and 10.36% at a 5% and 2% concentration of aluminum oxide 

respectively, compared to the tube. In contrast, the results of using the tube compared to the reducer showed 

that the melting time decreased by 26.66% and 23.1% at a 5% and 2% concentration of aluminum oxide, 

respectively. Overall, the melting performance follows the order: nozzle, tube, and reducer, for both 

nanoparticle concentrations. Increasing the Al₂O₃ concentration enhances thermal responsiveness and shortens 

charging time, but the effectiveness of this enhancement depends strongly on the geometric configuration. 

Therefore, combining improved geometry with nano-optimization is a key design factor for enhancing the 

efficiency of latent thermal energy storage systems.  
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1. Introduction 

 The heat recovery and energy storage system is keeping energy when it is available, 

to be used later. Also, it aims to balance between the energy demand and energy supply. 

Additionally, this affects the environment by reducing pollution [1]. In latent heat storage, 

heat is stored using both sensible and latent heat. This method relies on the release or 

absorption of heat when a storage material encounters a phase change, such as from liquid to 

solid, gas to liquid, or the reverse [2]. The use of phase change materials (PCMs) for thermal 

energy storage (TES), which can be released as latent and sensible heat, became a 

significant facet of energy managing after the energy disaster of 1973–1974. In the present 

day, with fossil fuel reserves dwindling and concerns about greenhouse gas emissions 

growing, the efficient use of energy is a critical issue. Employing PCMs for TES offers a 

sophisticated and feasible approach to enhance the efficiency of energy storage and usage 

across various domestic and industrial sectors [3]. Paraffins, which consist of linear n-

alkanes, are commonly utilized as phase change materials in thermal storage because of 

their accessible, affordable prices, suitable phase change temperature, and non-corrosive 

properties. [4].  

 Several studies can be reviewed that are related to the research topic have examined 

the application of PCM in storing latent heat [5-6]. employed the Finite Difference Method 

for solving two-dimensional conduction heat transfer equations that change phases by Joudi 

et al. [7]. The enhancement of the heat transfer rate with different container shapes, such as 

spheres, cylinders, plates, and tubes, was investigated by using both numerical and 

experimental methods [8]. Tao et al. [9] A study designed an orthogonal experiment to 
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examine the impact of molten salt PCM thermophysical properties on the performance of a 

shell-and-tube latent heat storage unit. The study reveals that the order of PCM properties 

affects heat storage performance in short-term LHS systems, with higher thermal 

conductivity, lower melting temperature, and specific heat improving storage rate and 

quality, and higher density, melting enthalpy, and specific heat improving storage quality. 

To enhance the thermal diffusivity of the cavity, nanoparticles are combined with phase 

transition materials. Several studies have been carried out to enhance the application of 

nanoparticles, including Hasan [10] A three-dimensional model was used to investigate 

latent heat storage, and experimental validation showed that dispersing aluminum oxide 

nanoparticles improved heat transfer. The results verified that the unique spiral design 

increases convectional heat transfer, which raises paraffin's temperature and speeds up the 

process of melting. Nanoparticles enhance the low thermal conductivity of PCM, reducing 

the melting time. Hussain [11] This study numerically investigates the discharging and 

charging of paraffin wax mixed with (1%, 3%, 5%, 7%, and 10%) concentrations of Al2O3 

within TES. The results showed that when adding Al2O3 to paraffin wax shortens the 

solidification and melting times and increasing the concentration of nanoparticles 

accelerated solidification and melting compared to pure paraffin wax. It was also anticipated 

that the introduction of nanoparticles, with their great potential for enhancing thermal 

conductivity, would increase the rate of heat transfer throughout the various PCMs [12-14]. 

 Jegadheeswaran and Pohekar [15] conducted a review that included several methods 

for improving heat transfer in TES, among them addition of nanomaterials, metal foam, 

macroencapsulation of PCM, and metallic components inside PCM, and one of the 

important improvements was the use of fins. The geometric factors of the fins have a 

significant impact on thermal performance, as demonstrated in several studies, including 

Abdulateef et al. [16]. Circular fins were investigated by Hosseini et al. [17] and Cheng et 

al.  [18], where improvements in the thermal performance of TES were proven. In addition, 

geometric factors such as the fin’s number, fin diameter, and length have a significant 

impact. Al-Ali et al. [19] aimed to determine the effect of the y-shaped fin on the paraffin's 

behavior in a cylindrical container that was put horizontally. The results showed that when 

adding y-shaped fins, it improved heat transfer performance, and the y fin made the melting 

process faster at heating the fluid between 70˚C and 80˚C temperatures, especially in the 

lower sections of the cylinder container compared with no fin. 

 In the authors' previous research [20], an experimental and numerical study of 

circular fins was conducted using three models (tube, nozzle, and reducer) for both bottom 

and top heat transfer fluid inlet conditions. The results showed that bottom inlet yielded 

better results because it improves convection heat transfer. Additionally, the nozzle model 

improved thermal performance by reducing the melting time by 11.2%. The current study 

complements the authors' previous research. Since previous studies highlighted the 

significant importance of using nanoparticles to improve the thermal behavior of paraffin, 

the authors were prompted to study the three models: tube, nozzle, and reducer, with circular 

fins and varying nanoparticle concentration to investigate how these different methods 

collectively improve thermal performance and to compare the different models. This is a 

point of originality for the current work that has not been addressed in previous studies. 

2. Modeling and the Physical Problem Methodology 

 In this study, a heat storage system (heat exchanger) type shell and tube is suggested 
for storing the latent heat storage absorbed from solar thermal energy collector. The shell is 
filled with a Nano-enhanced PCM mixed with different percentage of Al2O3 nanoparticles 
named (Nano-PCM). Water serves as the heat transfer fluid (HTF) within the tube, 
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transporting heat from the solar collector to the Nano-PCM. Figure 1 shows the schematic 
diagram for integrated heat storage tank with solar energy collector. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagram for integrating storage tank with solar collector. 

 

 This study performs numerical analysis of three tube configurations with annular 
fins. 

1- Tube: a straight tube with a constant diameter along its axis. 

2- Nozzle: a tube with a gradually converging in diameter towards the outlet. 

3- Reducer: a tube with a gradually diverging in diameter towards the outlet. 

 Figure 2 shows the schematic diagram with all the dimensions for each three 
proposed models. Seventeen annular fines (with 0.9 mm thickness) are fixed at equal spaces 
around each tube. The Nano-PCM temperature are mustered in both A and B points. Paraffin 
wax is the used PCM, which is chosen for several reasons, including its low price, 
availability, and suitable range of phase change temperatures. PCM properties exhibit in 
Table 1, which also contains Al2O3 properties. HTF is water. 

 



 

Figure 2. Proposed physical models (dimensions in cm). 

 

Table 1.  Paraffin wax and Al2O3 properties [20]  

  

 

 The numerical analysis in the current study employs Finite volume method and 

enthalpy-porosity methods to represent the phase change process in PCM. PCM density is 

temperature-dependent according to Boussinesq approximation, while the other properties 

of PCM are temperature-independent. Continuity, momentum, and energy are the governing 

equations for the flow of liquid PCM with assumption: Newtonian, incompressible, 

unsteady, and laminar flow. Continuity equation [21,22] is;  

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑉⃗ ) = 0                                                      (1) 

where V, ρ, t, and are the velocity, density, and time, respectively. The momentum equations 
stated as [23,24]; 

𝜌 (
𝜕𝑉⃗⃗ 

𝜕𝑡
+ (𝛻. 𝑉⃗ )𝑉⃗ ) = 𝜇(𝛻2𝑉⃗ ) − 𝛻𝑃 + 𝑆                     (2) 

 melting 

temperature 

(K) 

Coefficient 

of viscosity  

(kg/(m·s)) 

Conductivity 

(W/m·K) 

Density   

(kg/m3) 

Specific heat 

(J/kg·K) 

Heat of 

fusion 

(J/kg) 

Coefficient of 

thermal expansion 

(1/K) 

Paraffin 

wax 

321-335 0.033 0.14 820 2000 114540 6*10-4 

Al2O3 - - - 3600 765 - - 



Where 𝑆 , P, μ, and are the global source term vector, pressure, and viscosity, 
respectively. The energy equation can be described as [25,26];  

 
𝜕

𝜕𝑡
(𝜌ℎ) + 𝛻. (𝜌𝑉⃗ ℎ) = 𝛻. (𝐾𝛻𝑇) + 𝑆ℎ                       (3) 

where and 𝑆ℎ, K, and ℎ are the energy source term, thermal conductivity and the sensible 
enthalpy, respectively. 

 The nanoparticles are represented numerically by assuming a single-phase method 

for modeling the interaction between the nanoparticles and the PCM, considering the PCM 

and nanoparticles as a homogeneous fluid. The properties of the Nano-PCM depend on the 

volume fraction which is the ratio of nanoparticle volume to the total volume of the mixture, 

and Maxwell's equations were used, as included in the authors' previous work [10]. 

 The equations governing the fluid flow were processed with help of ANSYS-Fluent 
19 software. GAMBIT 2.4.6 software was used for the geometric generation, meshing, and 
boundary determined before exporting to ANSYS. To ensure the accuracy of the numerical 
solution, multiple time steps and cell size were performed. The time steps were studied (0.5, 
1, 2s), and a time step of 1s was adopted, according to accuracy and computational time 
saving. For the cell size, 0.8mm was used after testing three values of cell size (0.5, 0.8, and 
1 mm), resulting in approximately 62800 elements with a triangular meth type. The initial 
conditions for the solution were a PCM temperature of 303K, HTF flowing at a temperature 
of 343K, and a flow rate of 3L/min. While the boundary conditions were velocity inlet and 
pressure outlet at the inlet and outlet of HTF, respectively. The other outer sides were 
assumed to be insulated.  

 

3. Experimental validation 

 To validate the numerical simulation, the models were designed, manufactured, and 
tested experimentally, as shown in Figure 3. The models and test rig were designed with 
dimensions and specifications identical to those entered in the numerical program to ensure 
accurate experimental-numerical comparison. The pipe and nozzle models were 
manufactured and tested in the authors' previous work [20], Figure 4 shows a comparison 
between the experimental and numerical results for both models at points A and B. The 
figure demonstrates a good convergence between the experimental and numerical results, 
and the slight difference observed is primarily due to the numerical assumptions used in the 
simulation, the most important of which is assuming an adiabatic outer wall boundary 
condition, while in practical reality this cannot be fully implemented, as heat losses are 
inevitable through the outer walls of the models, even with the use of thermal insulation. 

     

Figure 3. Experimental setup 



 

Figure 4. Experimental validation 

 

4. Results and Discussion 

4.1 Evaluation of the melting processes 

 The liquid fraction   presented in Figure (5) for 2% and 5% of Al2O3. The value of 

liquid fraction zero indicate fully solid, while the value is one indicate to fully melting of the 

Nano-PCM. From this results it’s observe that from the behavior of the average liquid 

fraction for the melting process of Nano-PCM combination with different Nano particle 

concentration in PCM. The time for melting processes is reduced by 9.1% with Nozzle 

shape compared with the Tube shape at 5% of Al2O3 with PCM, while at 2% of Al2O3 with 

PCM the time is reduce by 10.36%, this is indicating that the Nano-PCM combination reach 

the fully melting is faster with the nozzle shape than the tube shape. In the same trained the 

tube shape gives the same behavior when compared with the reducer shape. The time for 

melting processes is reduced by 9.1% with Nozzle shape compared with the Tube shape at 

5% of Al2O3 with PCM, while at 2% of Al2O3 with PCM the time is reduce by 10.36%In the 

same trained, the melting time is 26.66% shorter when using the tube shape compared to the 

reducer shape at a concentration of 5% Al2O3 with PCM, while at a concentration of 2% 

Al2O3 with PCM, the time is reduced by 23.1%. 
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Figure 5. Predicted results of the CFD simulations for supposed models for 2% and 5% of 

Al2O3. 

4.2 Temperature Distribution and Heat Transfer Characteristics 

 Figures 6 and 7 illustrate the temperature gradient curves of the (Nano-PCM) for the 

three current proposed models in this study. It should be noted that points A and B, which 

are shown in Figure 2, (A) represent a point close to the fluid entry (water) point with (303 

K) initial temperature, and the second point (B) close to the exit point.  

 The results shown in Figures 6 and 7 indicate that the melting of the (Nano-PCM) is 

most pronounced in the region neither near the outlet (point B) relative to the (Point A). 

From Figure 6 and 7, we observe three distinct phases in the (Nano-PCM) as the average 

liquid fraction changes over time. The first phase is dominated by thermal conduction. The 

second phase is characterized by natural convection, resulting in a rapid increase in the 

melting rate. Finally, there is a convergence zone where the remaining solid melts slowly 

due to thermal conduction. The nozzle model exhibits the highest temperature distribution, 

followed by the tube model, and then the reducer model. This behavior is attributed to the 

higher quantity of the (Nano-PCM) in the nozzle model and the effect of free convection 

heat transfer, resulting in a higher local heat transfer coefficient. It can be concluded that the 

nozzle model the best performance in accelerating the melting of (Nano-PCM). Temperature 

variation results of Figure 6 and 7, also show that the overall temperature distribution values 

for all models under current study are higher when the nanoparticle concentration is 

increased by 5% compared to the concentration value of 2%. This conclusion is also 

contributing to accelerating the melting of the mixture, thus improving the performance of 

such systems. 
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Figure 6. Temperature gradient curves of the 2% Al2O3 for the proposed models in both (A 

and B) points. 

 

 

Figure 7. Temperature gradient curves of the 5% Al2O3 for the proposed models in both (A 

and B) points. 

 The numerical simulation results using CFD were represented as contours for each 

of the current models (tube, nozzle, and reducer), with the addition of 2% and 5% of Al2O3 

to the paraffin, in addition to exist of annular fins respectively. Figures (8 and 9) show the 

liquid fraction, and Figures (10 and 11) show the temperature distribution. 

 

 From these counters it is clearly visible those from the beginning of the Al2O3 Nano-

PCM melting process until approximately 1000 seconds, the thermal conduction process is 

dominant in the melting process along the wall surface with the presence of the annular fins 

surfaces that are promote the formation of the local liquid layer. As time passes during the 

melting process to a time of 2000 seconds, we observe an increase in the liquid area of the 

Nano-PCM, with a clear indication of the effect of natural convection resulting from the 

buoyancy that occurs inside the Nano-PCM, which is important in increasing the penetration 

of heat inside the solid state of Nano-PCM, and accelerating the melting process. The 
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addition of Oxide of Al2O3 nanoparticles increases thermal conductivity and thus accelerates 

the melting process of the paraffin, adding 5% Al2O3 with paraffin accelerates it more 

compared to a 2% of Al2O3, noting that slightly higher viscosity has an almost minor effect 

on convective flow. 

 

 After the melting process has taken more time, particularly between 2500 and 3000 

seconds, the contour results show that the liquid formation is more largely concentrated in 

the Nano-PCM and increases in temperature, especially near the surfaces and the hot 

annular fin surfaces. It appears that at 2900 seconds, the nozzle model exhibits near-fully 

melting higher temperature, followed by the tube model, where melt formation is more than 

in the reducer model at the time 3000 second. 

The results predicted from numerical simulations show that adding Al₂O₃ nanoparticles to 

the paraffin, along with the tube's geometric shape and the presence of annular fins, 

effectively improves thermal conductivity and natural convection, thus accelerating the 

melting process inside of the paraffin,  

 

 In general, it was concluded from the results of the CFD that the melting rate of a 

PCM and the thermal performance of a heat storage system using a PCM are strongly 

affected by the addition of nanoparticles at an acceptable concentration, the geometry of the 

tube, the presence of ring fins, and the convection within the Nano-PCM, which leads to 

faster melting and thus improved performance of such thermal systems.  

 
Figure 8. The contours of the liquid fraction distributions for 2% Al2O3 for the supposed 

models. 



 
Figure 9. The contours of the liquid fraction distributions for 5% Al2O3 Nano-PCM for the 

supposed models. 
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5.Conclusions 

 Numerical simulation based on CFD with experimental validation is used to study 

the effect of geometrical shape (tube, nozzle, and reducer) with circular fins and 

concentration of 2% and 5% of aluminum oxide nanoparticles (Al₂O₃) on the melting 

behavior of paraffin-based Nano-PCM. The results of the numerical simulation show that 

the nozzle shape give the fastest melting time compared to the other shapes under the 

present fin arrangement and operating conditions. When the concentration of aluminum 

oxide is 5%, the shape of the nozzle reduces the melting time by 9.1% compared to the tube, 

while the reduction is 10.36% when the concentration is 2%. It is concluded from this that 

the shape of the nozzle provides a more efficient distribution of heat and promotes a 

stronger internal circulation in the molten region. While, at 5% nanoparticle concentration, 

the melting time in the tube was 26.66% shorter than in the reducer, at 2% concentration, the 

tube achieved a reduction of 23.1%. This suggests that geometric influence becomes 

particularly significant at lower nanoparticle concentrations, where conduction enhancement 

is more limited and flow structure plays a more dominant role. Overall, the melting 

performance follows the order: nozzle, tube, and reducer, for both nanoparticle 

concentrations. Increasing the Al₂O₃ concentration enhances thermal responsiveness and 

shortens charging time, but the effectiveness of this enhancement depends strongly on the 

geometric configuration. The combination of optimized geometry and nano-enhancement 

therefore represents a key design factor for enhancing the efficiency of latent heat thermal 

energy storage systems. 
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