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The importance of Phase change material (PCM) energy storage systems is no longer new in the industry. However, the influence of using branched fins inside the energy storage system on the melting process of alumina nanoparticles and n-octadecane has not been reported in the literature. Consequently, the outcome of a study on the numerical simulation for optimizing the melting performance of a PCM in various tubes, including those with branching fins is presented in this report. Four examples were assessed in relation to a suspension of alumina nanoparticles and n-octadecane paraffin that contains heated fins. A numerical technique based on the Galerkin finite element method (GFEM) was used to solve the dimensionless governing system. The average liquid percentage over the flow zone in question was computed. The primary results indicated that altering the number of heated fins might affect the flow structures, the system’s irreversibility, and the melting process. Case four, with eight heated fins, likewise produces the greatest average liquid fraction values and completes the melting process in 850s. Additionally, when 6% nano-enhanced PCM was used instead of pure PCM, the melting process is accelerated by 28.57 percent.
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BACKGROUND INFORMATION
Energy storage technologies have risen in importance as a result of the unreliability of wind and solar energy sources, as well as their development in the efficiency and utilization of energy systems. Other PCM applications by [1] are of high importance in the industry due to the heat transfer mechanism of different PCM salts during phase change and of liquid salts. Also, using one storage module, the inclusion of PCM in solar cookers to extend usage time, and inclusion in a paint-drying system to recover exhaust heat are other important. [2] investigated thermal energy storage using curved-slab containers filled with phase change material and exposed to convective boundary conditions, taking into ac-count heat transfer fluid flows between the containers. One of the results of improving the performance of the latent heat thermal energy storage system is that a significant quantity of storage capacity may be obtained at greater efficiency. [3] found that the temperature range is attributed to possible CO2 emissions reductions that may be achieved by substituting cooling applications in residential and traditional heating. Diversifying energy supplies through the usage of suitable energy storage solutions and renewable energy sources, according to [4], are yardsticks for coming closer to energy sustainability.
[5] said that hot water tanks, which have a considerable influence on the tank’s heat loss and internal thermal stratification, are a classic example of the most often utilized thermal energy storage. In research by [6] on the importance of electromagnetic nanomaterials coating processes with intricate chemical reactions, the nanoparticle concentration magnitude was discovered to be capable of decreasing with an increase in the chemical reaction. [7] investigated the effects of nanoparticles on the dynamics of a fluid in a 3D cubic with two rotating cylinders in the center of the enclosure exposed to Lorentz force, angular velocity under various circumstances, and mixed convection transport phenomena. It was determined that when angular velocity increased, cumulative energy and average temperature decreased. [8] explored mixed convection of phase change material (PCM) in a 3D cavity filled with a revolving cylinder when a temperature gradient occurred between the hot right vertical wall and the cold left vertical wall while the remaining walls were deemed adiabatic. Phase change materials (PCM) are one of the most effective and active topics of study in terms of long-term heat energy storage and thermal management due to their great qualities. It is worth noting that phase change materials (PCM) can be used in conjunction with solar collectors to store excess solar energy while also regulating the temperature of photovoltaic solar collectors.
Interactions between cell/tissue systems and nanoparticles are no longer a surprise. According to [9], there is a link between respiratory illness, environmental exposure, and nano-sized particles. [10] recently published the results of another investigation on the addition of multi-walled carbon nanoparticles to the dynamics of water within a vertical Cleveland Z-staggered cavity, which demonstrated that raising the Reynold number increases the inertial force. [11] revealed that an optimal mix of nanoparticles is another essential feature in increasing thermal transfer in an annular geometry comprising nanoliquids with variably heated borders. According to [12], adding nanoparticles to the base fluid reduces the strength of fluid flow and the rate of heat transmission. Due to the incorporation of nanoparticles in the host fluid of water, [13] discovered that shallow annular enclosures provide higher thermal performance with little entropy formation. According to [14], the great thermal conductivity of alumina nanoparticles permits the nanoparticles to effectively diffuse heat from the host base fluids via Brownian motion. Aluminum oxide is useful to improve the rheological and filtration properties of drilling fluid. Some hybrid nanoliquids flow owing to buoyancy across a non-uniformly heated annulus, as examined by [15], Oke [16], [17], [18], and [19]. It was discovered that the proper mix of nanoparticles is a critical criterion for improving heat transfer. [20] emphasized the significance of grapheme nanoparticles due to their monomolecular layer of carbon atoms that are bonded by their remarkable and unique structural, optical, and electrical capabilities.
According to the findings of different studies on ternary-hybrid nanofluids by [21,22], [23], and [24], the viscosity and thermal conductivity of base fluids may be modified by the inclusion of nanoparticles. [25] investigated Darcy–Forchheimer nanoliquid convective flow in an odd-shaped cavity loaded with a multi-walled carbon nanotube-iron (II, III) oxide hybrid nanofluid when the walls are adiabatic and the internal and external cavity boundaries are isothermally is at low and high temperatures. In view of this, nothing is known on computational of alumina and n-octadecane melting performance inside energy storage system when the branched fins are two vertical but opposite fins, two horizontal but opposite fins, two vertical and two horizontal fins, and eight branched fins that are distributed. Research questions to be answered in this report are
1. At 500 s, what is the effect of the number of fins, liquid fraction, and Bejan number on the PCM melting process?
2. In the absence of volume fraction, what is the variations of temperature, liquid fraction, and Bejan number during the PCM melting process as time goes on?
3. At [image: image], how does increasing nanoparticle concentration, liquid fraction, and Bejan number affects alumina and n-octadecane melting performance in-side energy storage system?
4. What is the impact of fins number on the impact of fins number on liquid fraction, average Bejan number, average Nusselt number, and temperature distribution?
RESEARCH METHODOLOGY
The present computational model is shown in Figure 1. The heat transfer fluid is alumina and n-octadecane. Four distinct configurations of fins are modeled. The details of the four cases are shown in Figure 2. All fluids begin with a solidus temperature. The fined and cylinders were hot and adiabatic, respectively. The properties of nanoparticles and PCM are outlined in Table 1.
[image: Figure 1]FIGURE 1 | Computational setup of LTESS (A) 3-D model (B) 2-D cross-section.
[image: Figure 2]FIGURE 2 | Different cases of branched fins.
TABLE 1 | Properties of PCM and alumina.
[image: Table 1]Problem Formulation
The GFEM technique was employed to simulate the transient flow that could be described as Newtonian and laminar. Boussinesq estimation was utilized to account for the gravitational force effect. The continuity (Eq. 1), momentum in x and y direction (Eqs 2, 3), and energy (Eq. 4) equations read [26] and [27].
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The boundary conditions associated with Eqs 1–4 for the inner hot wall
[image: image]
For the outer wall
[image: image]
We considered [image: image]. A single-phase model was used to predict attributes Refs. [16 - 17]
[image: image]
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Enthalpy
The specific heat capacity of the PCM changes significantly with its phase. The specific enthalpy of the PCM is thus determined as a function of its temperature by [28] as
[image: image]
Liquid fraction is introduced as
[image: image]
The formula of [image: image] by [29]
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Where
[image: image]
Where [image: image]denotes the entropy production resulting from heat transfer irreversibility (HTI), [image: image]denotes the entropy production resulting from fluid friction irreversibility (FFI), and [image: image] denotes the entropy production resulting from magnetic field impacts. And consequently the mean Bejan numbers be determined as
[image: image]
GFEM Approach
The transformed coupled Eqs 1–4, which comprise both the motion and heat transport processes as well as the requisite boundary conditions, are handled using the Galerkin Finite Element Method. First, on a non-uniform structural grid, the weak forms of the governing equations are presented and discretized. After that, mathematical software is used to model the outcomes and gives a detailed description of the procedure. It is crucial to keep in mind that the governing equations and their related constraints were solved by employing the Galerkin finite element technique. The programming environment is divided into triangle-shaped sections. Triangular Lagrange finite elements of various orders are employed on all the flow variables within the computational domain. By substituting the governing equations for the approximations, the residue is obtained.
[image: image]
Finally, using further numerical findings from [30], the validation of the current code is produced and illustrated in Figure 3. Based on this graph, we may be confident in our findings.
[image: Figure 3]FIGURE 3 | Mesh grid and present model in comparison with [30].
RESULTS AND DISCUSSION
The findings of studying the melting impacts on the motion of a suspension containing phase change material (PCM) are depicted and analyzed in this section. In this case, the heat transfer fluid is alumina and n-octadecane, and the motion area is a square tube with cross-section wings. For different heating scenarios, The isotherms lines, streamlines, Bejan number, and molten liquid of several cylinders are explored, including cylinders with two horizontal fins, cylinders with two vertical fins, cylinders with four fins, and cylinders with eight heated wings. Temporal Variations between 100 and 1000 s are investigated, and the nanoparticles volume percentage values are considered between 0 and 8%. The mean values of the molten PCM, Bejan number Beavg, and Nusselt number Nuavg versus the progression of time are graphically displayed over a broad range of the studied parameters to offer a complete examination. The condition of the completely melted ([image: image]) may also be utilized to stop the calculations. For different scenarios of inner heating, Figure 4 shows the isotherms lines, streamlines, Bejan number, and molten PCM percentage. It should be noticed that the temperature characteristics are focused around the fins in all instances, indicating a cold area around the outer cubic lowest. Case 4 (eight wings) had the highest temperature distributions, indicating a reduction in the above-mentioned cold area at the lowest.
[image: Figure 4]FIGURE 4 | Effect of the number of fins, liquid fraction, and Bejan number during the PCM melting process at 500 s.
It has also been noted that as the number of fins increases, the temperature differences decrease, so the temperature drop and thermal performance rate decrease. In addition, when the number of fins is improved, the velocity values clearly decrease. Physically, increasing the number of fins increases the complexity of the motion region, which increases motion resistance. Simultaneously, the characteristics of the Bejan number reveal that increasing the number of heated fins diminishes temperature gradients, and therefore fluid friction irreversibility takes over. In addition, the melting area appears in the top half of the area for all of the variables investigated, and the number of heated wings increases the volume of the melting zone. Figure 5 depicts the characteristics of isotherms lines, streamlines, Be number, and mol-ten PCM percentage as time passes. Case 3 is employed in these calculations, using an inner cylinder with four wings. The findings showed that at the start of the computations (short time values), isotherms lines, streamlines, and Bejan number distributions occur around the inner heated zone, suggesting a non-active area towards the outer limits. The liquid begins to convey and disperse the temperature across the area as time passes. As a result, a suitable thermal domain with a greater velocity percentage towards the lowest of the outer borders is produced at time = 600. Furthermore, when comparing the fluid friction irreversibility to the heat transmission irreversibility, the higher the time value, the greater the dominance of the fluid friction irreversibility at the bottom. When the time values grow, the mushy zone appears across the whole flow domain.
[image: Figure 5]FIGURE 5 | Variations of temperature, liquid fraction, and Bejan number during. the PCM melting process as time goes on when [image: image].
Figure 6 depicts the isotherms lines, streamlines, Bejan number, and liquid fraction distributions as a function of the volume fraction parameter. In this situation, inner heated cylinders with four wings are employed. Due to the rise in the viscosity of the mixture, a poor convective transport is seen at higher values of. The data show that as it expands, the velocity and temperature gradients decrease. At low values of, the Be number occurs around the fins rather than the bottom borders. On the contrary, increasing increases the mushy zone inside the motion region until the circumstances are entirely melted at 0.04. Figure 7 and Figure 8 show the mean molten PCM rate, Beavg, and Nuavg profiles as a function of the heated wings number, duration parameter, and concentration parameter.
[image: Figure 6]FIGURE 6 | Effect of nanoparticle concentration, liquid fraction, and Bejan number. during the PCM melting process at [image: image].
[image: Figure 7]FIGURE 7 | The impact of fins number on liquid fraction, Average Bejan number, Average Nusselt number, and temperature distribution.
[image: Figure 8]FIGURE 8 | The impact of nanoparticles concentration on molten liquid, Average Nusselt number (Nuavg) and Average Nusselt number Average Nusselt number (Beavg).
The findings indicated that example 4, which assumes eight heated fins, had the highest β values. However, the Beavg and Nuavg values decline when the number of heated wings increases. Furthermore, the average heat transfer rate decreases when the temperature gradients reduce. Furthermore, greater values of cause the irreversibility of heat transmission to take precedence over the irreversibility of fluid friction. Finally, increasing the nanoparticles concentration improves the mushy zone, increasing the β.
CONCLUSION
The current research numerically investigated the influence of inserting different numbers of branched fins inside energy storage system on the melting process of alumina and n-octadecane. Based on the number of heated fins, four instances were considered. The shaky scenario was taken into account, and fully melted situations were anticipated. The governing system was solved using the finite element technique (GFEM) and the Poisson pressure equation. The following are some of the most important findings:
1. As the heated fins increase due to the enhancement in the buoyancy-convective situation, the temperature, velocity, and Bejan number distributions increase. In scenario 4, the melted area was also regulated throughout the majority of the flow domain.
2. Isotherms lines, streamlines, and molten PCM occur around the inner heated forms at short values of time, whereas as time passes, a nice isothermal and melted motion domain was produced.
3. As it rises, the dynamic viscosity of the mixture increases, and as a result, the velocity of the mixture decreases.
4. When compared to heat transmission irreversibility, the irreversibility owing to fluid friction becomes more dominant with time.
5. Case four, with eight heated fins, likewise produces the greatest average liquid fraction values and completes the melting process in 850 s.
6. When 6% nano-enhanced PCM was used instead of pure PCM, the melting process was found to accelerate by 28.57 percent.
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NOMENCLATURE
[image: image] Heat capacity
[image: image] Thermal conductivity
[image: image] Latent heat coefficient
P (kg/m.s2) Pressure
g Acceleration vector of gravity
[image: image] Reference sensible enthalpy
[image: image] Fusion temperature
▵H (J/kg) Latent heat content
Abbreviations
PCM Phase change material
2D Two-dimensional
[image: image] Mushy zone morphology constant
LHTES Latent heat thermal energy storage
Greek
[image: image] Density
[image: image] Dynamic viscosity
[image: image] Thermal diffusivity
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