[image: image1]Numerical analysis of the energy-storage performance of a PCM-based triplex-tube containment system equipped with arc-shaped fins

		ORIGINAL RESEARCH
published: 13 December 2022
doi: 10.3389/fchem.2022.1057196


[image: image2]
Numerical analysis of the energy-storage performance of a PCM-based triplex-tube containment system equipped with arc-shaped fins
Azher M. Abed1, Hosseinali Ramezani Mouziraji2, Jafar Bakhshi2, Anmar Dulaimi3, Hayder I. Mohammed4, Raed Khalid Ibrahem5, Nidhal Ben Khedher6,7, Wahiba Yaïci8* and Jasim M. Mahdi9*
1Air Conditioning and Refrigeration Techniques Engineering Department, Al-Mustaqbal University College, Babylon, Iraq
2Department of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran
3College of Engineering, University of Warith Al-Anbiyaa, Karbala, Iraq
4Department of Physics, College of Education, University of Garmian, Kurdistan, Iraq
5Department of Medical Instrumentation Engineering Techniques, Al-Farahidi University, Baghdad, Iraq
6Department of Mechanical Engineering, College of Engineering, University of Ha’il, Ha’il, Saudi Arabia
7Laboratory of Thermal and Energetic Systems Studies (LESTE) at the National School of Engineering of Monastir, University of Monastir, Monastir, Tunisia
8CanmetENERGY Research Centre, Natural Resources Canada, Ottawa, ON, Canada
9Department of Energy Engineering, University of Baghdad, Baghdad, Iraq
Edited by:
Hafiz Muhammad Ali, King Fahd University of Petroleum and Minerals, Saudi Arabia
Reviewed by:
Dharmendra Tripathi, National Institute of Technology Uttarakhand, India
Aurang Zaib, Sciences and Technology Islamabad, Pakistan
* Correspondence: Wahiba Yaïci, wahiba.yaici@nrcan-rncan.gc.ca; Jasim M. Mahdi, jasim@siu.edu
Specialty section: This article was submitted to Nanoscience, a section of the journal Frontiers in Chemistry
Received: 29 September 2022
Accepted: 23 November 2022
Published: 13 December 2022
Citation: Abed AM, Mouziraji HR, Bakhshi J, Dulaimi A, Mohammed HI, Ibrahem RK, Ben Khedher N, Yaïci W and Mahdi JM (2022) Numerical analysis of the energy-storage performance of a PCM-based triplex-tube containment system equipped with arc-shaped fins. Front. Chem. 10:1057196. doi: 10.3389/fchem.2022.1057196

This study numerically intends to evaluate the effects of arc-shaped fins on the melting capability of a triplex-tube confinement system filled with phase-change materials (PCMs). In contrast to situations with no fins, where PCM exhibits relatively poor heat response, in this study, the thermal performance is modified using novel arc-shaped fins with various circular angles and orientations compared with traditional rectangular fins. Several inline and staggered layouts are also assessed to maximize the fin’s efficacy. The effect of the nearby natural convection is further investigated by adding a fin to the bottom of the heat-storage domain. Additionally, the Reynolds number and temperature of the heat-transfer fluid (HTF) are evaluated. The outcomes showed that the arc-shaped fins could greatly enhance the PCMs’ melting rate and the associated heat-storage properties. The melting rate is 17% and 93.1% greater for the case fitted with an inline distribution of the fins with a circular angle of 90° and an upward direction, respectively, than the cases with uniform rectangular fins and no fins, which corresponded to the shorter melting time of 14.5% and 50.4%. For the case with arc-shaped fins with a 90° circular angle, the melting rate increases by 9% using a staggered distribution. Compared to the staggered fin distribution, adding an extra fin to the bottom of the domain indicates adverse effects. The charging time reduces by 5.8% and 9.2% when the Reynolds number (Re) rises from 500 to 1000 and 1500, respectively, while the heat-storage rate increases by 6.3% and 10.3%. When the fluid inlet temperature is 55°C or 50°C, compared with 45°C, the overall charging time increases by 98% and 47%, respectively.
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INTRODUCTION
Due to the environmental footprints left by the high consumption of fossil fuels and the quick depletion of conventional energy resources, the transition to renewable energy sources has become an inescapable strategy on a global scale (Kåberger, 2018; Mohammed, 2022). However, this transition potential is currently limited by the low thermal performance and inherent unpredictability of renewable energy systems (Rojas et al., 2018; Xu et al., 2022). Thermal energy storage (TES) systems are frequently advised (Langsdorf, 2011; Ghalambaz et al., 2021a) as a solution to this problem. Any energy system that allows for storing surplus heat during the day for later use during the night must include TES technologies. The effective primary way to increase energy efficiency and sustainability is the TES strategy, which has thus far caught the researcher’s attention (IRENA, 2020). The TES systems are utilized in energy conservation demands (Hasnain, 1998; Najim et al., 2022a), industry, commercial building (Heier et al., 2015), solar-powered energy systems (Fath, 1998; Shahsavar et al., 2020; Ansu et al., 2021), and thermal management of batteries (Mohammadi and Mohammadi, 2014; Keiner et al., 2019). In latent heat TES, the mechanism of thermal storage in the aforementioned applications is involved with phase-change materials (PCMs), which store thermal heat during the melting process as latent heat and then gives it off during solidification (Sardari et al., 2019; Zhou et al., 2022). The superiority of latent heat-storage mechanism using PCM is holding higher thermal capacity than sensible heat storage in addition to being melted/solidified at a relatively constant temperature (Sobolciak et al., 2015). Examples of phase-transition substances include various types of paraffin (Sobolciak et al., 2015; Ansu et al., 2020), salt hydrates (Wong-Pinto et al., 2020), fatty acids (Yuan et al., 2014), and esters (Sarı and Karaipekli, 2012) that are held in tanks, ponds, caverns, or underground aquifers depending on the type of the energy system involved. The ideal PCM possesses outstanding features during the phase change (melting/solidification) like high stability, chemical inertness, non-flammability, and high thermal conductivity to boost the thermal performance of the given energy system (Yamada, 2012). However, PCMs suffer from low thermal conductivity and diffusivity, which makes their usage limited. Thermal conductivity is a measure of heat transferred across a unit thickness of a material in a direction normal to the surface (Liao et al., 2018). In addition, thermal diffusivity is referred to as the thermal conductivity divided by the product of the density and heat capacity per unit mass at constant pressure (Burlatsky et al., 2009; Diakonova et al., 2020). Therefore, if these two parameters are weak in an energy system, the heat transfer rate is weak. Hence, numerous studies have been carried out to address this weakness by using nanoparticle additives (Kant et al., 2017; Abdulmunem et al., 2021), porous media (Zhou and Zhao, 2011; Talebizadeh Sardari et al., 2020), multi-stage PCM (Jin et al., 2017; Mahdi et al., 2020), fins (Ghalambaz et al., 2021b; Talebizadehsardari et al., 2021), etc.
In the context of the reliability and acceptability of a solar-powered energy system, Hassan et al. (2020) experimentally conducted a comparative study on a solar-powered shell and tube heat exchanger to propose a novel model with a higher thermal energy density. Their study involved three main configurations: no-fin tubes and longitudinal- and circular-finned tubes. According to the visual-based results, the PCM melting rate surprisingly decreased by 70% and 55% in the cases of circular and longitudinal fin configurations, respectively, compared with the no-fin case. Moreover, it was reported that using a circular fin configuration improves the thermal energy storage rate by 52%. Tiari et al. (2017) conducted an experimental study on a latent heat thermal energy system (LHTES) equipped with a heat pipe network. In their study, Rubitherm RT55 was considered the PCM, which was held inside a vertical cylindrical container, and heat pipes were distributed along the PCM container to improve the heat transfer rate. Another experimental study was carried out by Paria et al. (2016), where paraffin wax was employed as the storage medium within a horizontal shell, and a tube heat exchanger with annular fins clung to the tubes circulating the heat-transfer fluid (HTF). They also considered distilled water as the HTF with different flow rates to examine its effect on heat transfer performance. They found that higher fin density and HTF mass flow rate decrease the PCM melting time. Elmaazouzi et al. (2020) conducted a numerical study on the possible well-designed container for concentrated solar power plants using annular fin configurations. They showed that the PCM container’s optimum state positively improves the energy system’s overall thermal efficiency. They finally proposed an optimum configuration that causes a 50% enhancement in the heat transfer rate.
Among various enhancement technologies on PCM-based heat-storage systems, adding fins has been widely attended as a promising method in heat-transfer enhancement. Through an experimental and analytical study, Essa et al. (2020) investigated the effect of fin configurations on the thermal performance of an evacuated tube solar collector. In their study, helical fins were employed within paraffin in a container to make up for its low thermal conductivity and diffusivity. Their achievements were compared to a typical fin configuration. According to their results, a helical configuration of the fins was capable of obtaining, at most, a 1-h delay during the melting and solidification processes. Also, a higher peak temperature was achieved by the helical fin configuration compared with that of the conventional fin configuration. Nakhchi and Esfahani (2020) considered an LHTES equipped with lauric acid as the PCM equipped with novel stepped fin configurations. The PCM was heated from one side, where upward- and downward-stepped fin arrangements were taken into account to improve the natural convection heat transfer rate. They showed that a downward fin arrangement could successfully transfer the heat through the bottom of the container, where the heat gets stuck between the fins and the heated wall. This case showed improved melting time compared with the other stepped configurations of the fins. Some researchers (Tiji et al., 2020; Sun et al., 2021; Tiji et al., 2021; Wu et al., 2021; Najim et al., 2022b) have also investigated the effect of fin shape on the melting/solidification rate of PCM, such as incorporating a V-shaped fin configuration (Lohrasbi et al., 2016; Alizadeh et al., 2019). In this regard, Abdulateef et al. (2019) inserted triangular-shaped fins inside a PCM container in a triplex-tube heat exchanger to counteract the PCM’s low thermal conductivity. Furthermore, alumina nanoparticles were added to paraffin (RT82) as the PCM to improve the heat transfer rate further. Their study aimed to determine the optimum fin’s geometrical dimensions for a higher thermal energy-storage rate. Their results showed higher thermal density in the case with eight fins, each 141 mm in length, with a fin aspect ratio of 18%. It was also reported that the overall melting and solidification time prolongs in accordance with whatever increase in the aspect ratio and the fin length.
Although the literature review comprehensively covers the issue of low thermal conductivity enhancement of the PCM in different heat exchangers, fin configurations can impressively affect natural convection enhancement. They can also cause higher heat penetration inside the PCM domain by conduction, which requires further investigations in this field. Furthermore, there is a trade-off between the fin configuration inserted within an energy system and the overall volume of the materials involved. Hence, the optimum state of the fin’s volume is desired, while maximum thermal energy storage is achieved. This study considers a triple-tube heat exchanger integrated with Rt-35 as the PCM. In order to compensate for the low thermal conductivity and diffusivity of Rt-35, arc-shaped fin configurations are added to the PCM container to improve the conduction heat transfer area and the natural convection effect and cause higher heat penetration, and this part is considered the main contribution of this work. Furthermore, it is found that the inclination of fins and their angle of placement are influencing factors on the melting and energy-charging rate, which are investigated in this paper. Finally, an inline and staggered arrangement study is carried out to propose a well-designed case for the optimum cases.
SYSTEM DESCRIPTION
A latent heat triplex-pipe heat exchanger with arc-shaped fins, as opposed to rectangular fins and a casing without fins, is the system under investigation. The PCM is situated in the central channel of the heat exchanger under examination, and water is passed through the inner and outer tubes as the working fluid. The tube length is 250 mm, and the inner, middle, and outer pipe sizes are 40, 80, and 120 mm, respectively. Figure 1 illustrates how the fluid flow and heat transfer are assessed under this study’s axisymmetric condition in both three-dimensional and two-dimensional axisymmetric structures. Due to the nature and system features under consideration, as well as the absence of a circumferential flow variation, the study was performed. The case without fins and the case with uniform rectangular fins are also displayed in Figure 1, called case 0 and case 1, respectively, in this study. The boundary conditions and dimensions of the system are also indicated for the system with no fins. Note that the dimensions of the unit are considered based on the literature (Al-Najjar et al., 2022; Chen et al., 2022).
[image: Figure 1]FIGURE 1 | The schematic of a triplex tube heat exchanger with (A) no fins and (B) uniform fins.
Four different shapes are studied for the arc-shaped fins in different directions, i.e., upward and downward. In all cases, the length of the fins is considered 10 mm with a thickness of 1 mm. Note that the dimension of the fins in the case of uniform rectangular fins is 5 × 2 mm. Different angles of 90, 67.5, 45, and 22.5° are proposed, as shown in Figure 2A.
[image: Figure 2]FIGURE 2 | Schematic of the system with an arc-shaped fin (A) using different angles of 22.5, 45, 67.5, and 90° and different directions of downward and upward; (B) using different staggered arrangements for the fins; and (C) using an added fin to the bottom of the heat exchanger.
After examining the angles and direction of the arc-shaped fins, the cases with arc angles of 67.5 and 90° are selected to examine the effect of the staggered arrangement of fins. Note that, as discussed later in the Results section, the upward direction of the fins shows a higher performance than the downward movement. Thus, for further analysis, the upward movement is considered. Figure 2B illustrates the schematic of the system, examining the effect of the staggered arrangement of the fins. Two different staggered formats, i.e., left-staggered and right-staggered, are discussed. In Figure 2B, case 6-R is case 4 in the upward direction, where the fins are in the staggered configuration from the right side of the heat exchanger (inner pipe). Case 6-L is case 4 in the upward direction, where the fins are in the staggered configuration from the left side of the heat exchanger (outer pipe). Cases 7-R and 7-L are also related to case 5 in the upward direction.
After studying the staggered configuration, it was found that the right staggered array results in a higher performance, which is discussed in the following sections. Thus, these systems (cases 6-R and 7-R) are compared with a case equipped with arc-shaped fins, uniform configuration, and an added fin to the bottom of the heat exchanger. The cases were also compared with the uniform rectangular-finned case with an added fin, as shown in Figure 2C. It is shown that due to modifying the natural convection effect at the bottom of the heat exchanger, it is adequate to add a fin at the bottom of the heat exchanger, as discussed by Tiari et al. (2017). In Figure 2C, case 8 and case 9 are related to the arc-shaped fins with the angle of 67.5° and 90° equipped with an added fin, respectively. Case 10 is also case 1 with an added fin to the bottom.
The best case is then compared with the no-fin case to show the amount of enhancement in the system’s performance. Paraffin RT-35 is used in the present study. The melting temperature of this PCM is suitable for HVAC applications. The properties of RT-35 are presented in Table 1.
TABLE 1 | Thermodynamic properties of the PCM used in this study (Najim et al., 2022b).
[image: Table 1]MATHEMATICAL MODELING
To represent the phase-change process of PCM, the enthalpy technique established by Brent et al. (Mahdi and Nsofor, 2017a; Talebizadeh Sardari et al., 2019) was applied. In this scheme, the liquid part was assumed to cover all the cells in the initial state of the computational field. To drive the governing differential equations, the following assumptions are used (Shahsavar et al., 2019; Shahsavar et al., 2020):
• Transient, laminar, and incompressible flow assumptions are applied to the flow of liquid PCM. However, the density variation caused by natural convection is solely considered in the buoyancy term of the momentum equation, [image: image] (Zeneli et al., 2021).
• Gravity is considered positive in the downward y-direction.
• Adiabatic conditions are proposed at the exterior boundaries.
• No velocity slips exist at solid boundaries.
The continuity, momentum, and energy are then defined as follows (Wang et al., 2015):
[image: image]
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The parameter ([image: image] in Eq. 2 is included to calculate the effect of phase change on momentum, which is recognized as the velocity-inhibiting term in Darcy’s law (Esapour et al., 2016):
[image: image]
Here, the factor of the mushy area [image: image] is set at 105 depending on the literature (Ye et al., 2011; Mahdi and Nsofor, 2017b). To assess the phase-transition progression, [image: image] (fluid part of PCM) is revealed as (Mat et al., 2013):
[image: image]
The Boussinesq approximation is used in the model development so that the density variation due to temperature gradients is properly predicted (Mahdi and Nsofor, 2017c):
[image: image]
The source term [image: image] in the energy method is defined as
[image: image]
The heat-storage rate during the melting process is measured as
[image: image]
where [image: image] is the charging time and [image: image] and [image: image] are the whole PCM’s energy at the start and the end points of the melting process, respectively. [image: image] is the total heat, [image: image] is sensible case, and [image: image] is the latent case of the PCM.
Initial and boundary conditions
The system is initially placed at a temperature of 15°C throughout the experiment ([image: image]). The HTF at constant velocity and temperature enters the unit from the inner and outer tubes at the inlet boundaries into the system. So, the boundary condition for the inlet can be described as follows:
[image: image]
It should be noted that the aforementioned values are used as the base values for the comparison of different cases. For the assessment of HTF temperature and Reynolds number, the aforementioned values are changed for the inlet condition.
For the HTF at the outlet, the pressure outlet boundary condition is used, and the no-slip boundary condition is used for the walls. The boundary of the PCM domain is also considered adiabatic, except for the middle walls between the PCM tank and the HTF in the inner and outer tubes, which is a copper tube with a thickness of 2 mm used to transfer heat between the HTF and PCM.
NUMERICAL MODEL
A grouping of the SIMPLE rule for pressure–velocity coupling and the Green–Gauss cell-based method was applied in ANSYS Fluent software to evaluate the thermal management and stream-governing formulations of PCM during the phase-change development. The QUICK variation procedure was utilized by the PRESTO method for the pressure correction formulations of the momentum and energy equations. After careful selection, the under-relaxation values are assumed as 0.3, 0.3, 0.5, and 1 for pressure correction, velocity components, liquid fraction, and energy equation, respectively. The convergence principles for terminating the iteration solution are 10-4, 10-4, and 10-6 for the continuity, momentum, and energy equations.
The mesh and the time step size independency examinations are carried out. Therefore, different grid sizes of 28,500, 43,000, and 81,620 are evaluated by applying a time step size of 0.2 s for the straight triplex unit. Table 2 introduces the charging period for different mesh densities. As demonstrated, the results are approximately the same for cell numbers 43,000 and 81,620; the mesh size of 43,000 is selected for the study’s next steps. Table 2 also lists the charging period for different time step sizes for the chosen cell number. As verified, the results are almost identical for the time step of 0.1, 0.2, and 0.4 s, mainly for the values 0.2 and 0.1 s. Therefore, 0.2 s is chosen for the time step size in this study.
TABLE 2 | Effect of grid size and time step size on the charging time.
[image: Table 2]To investigate the appropriateness of the simulation progress, the outcomes of the study by Mat et al. (2013) were utilized as the benchmark, and the geometry applied in that achievement was rebuilt. Mat et al. (2013) numerically and practically assessed a double-tube heat exchanger system employing RT58 as the PCM. Mat et al.'s work was used as a referential work to validate the current model since the designs analyzed in the two studies are mostly the same. The referential work examined the attendance of integrated fins to the internal and external channels of the PCM shell in a staggered preparation, with the inner channel having a fixed wall temperature. A couple of effective parameters were applied to evaluate this model’s validity: the PCM’s thermal conduct and the growth of the liquid phase. Figure 3 illustrates the outcomes of the validation case, which confirms that the numerical and practical results of Mat et al. (2013) are close to the current model estimates for both the liquid fraction and average temperature of PCM.
[image: Figure 3]FIGURE 3 | Evaluation of the current model’s temperature and liquid-fraction results compared to those in the study by Mat et al. (2013).
RESULTS AND DISCUSSION
In this study, first, the impact of the arc-shaped fins is placed in an upward direction (the direction of the arc is upward) and a downward direction (the direction of the arc is downward)). Four types of arches with downward and upward views are studied compared with the no-fin and uniform fin cases, as shown in Figure 2. The length of the fin is considered 10 mm with different angular sizes (90, 67.5, 45, and 22.5°) of the arc-shaped fins, as described previously. The thickness of the fins is 1 mm. The dimension of the fins in the case of the uniform fin is 2 × 5 mm. Then, the effect of the staggered arrangement of the fins is studied, followed by the effect of an added fin to the bottom of the heat exchanger. The final investigation includes the impact of temperature and velocity of the heat-transfer fluid (water), represented by the Reynolds number.
Effect of arc-shaped fins with different angles (upward)
Integrating fins into the thermal energy storage system enhances the performance of the system due to expanding the thermal exchange surface area and growing the mean thermal conductivity of the system since the conductive value of the fin material is higher than that of the PCM. Furthermore, fins can carry heat from the walls deep to the PCM domain, causing faster phase change. The fins intensely influence free convection during the phase change since the fins create a barrier in the molten PCM movement. Four different upward view orientations of the arc-shaped fins at various time steps (up to 1800 s) were evaluated with the no-fin and uniformly distributed fin cases, and the liquid fraction contours are illustrated in Figure 4A. In the finless case, the PCM melts primarily in the areas beside the HTF walls. Progressively, more PCM melts, producing a wider molten layer attached to the wall and gathering at the upper side due to the natural convection. The PCM remains solid at the bottom zone of the unit. After 1800 s, only 68% of the PCM is melted. The liquid fraction percentage increases by utilizing fins in the system. The contours in the second column of the figure illustrate the uniform fin case. The spaces between the fins are 40 mm on each side (the inner and outer walls), with a 40 mm separation distance from the top and bottom sides. The liquid PCM performs beside the walls and over the fins, and the produced layer of the molten PCM expands steadily. A solid part is stuck above every couple of opposite fins, though the PCM phase between two opposite fins is changed. Within 1800 s, the total PCM melts were 89%, and the remaining solid part was split into six pieces. Because of the free convection, a movement of the liquid PCM creates a circulation mode, but the fins present a barrier to the movement bounding the free convection. In order to achieve the desired result, the shape and direction of the fins were changed and examined to improve the molten PCM’s progress.
[image: Figure 4]FIGURE 4 | (A) Liquid fraction and (B) temperature development for various cases at different time steps (up to 1,800 s).
The arc-shaped fins with an orientation of 22.5° (case 2—upward) are illustrated in the third column of Figure 4A. Because of the length of the fins and the slight slope, the PCM domain separates into several areas. Through the charging process of the PCM, the circulation achieves separately in those areas limiting the heat transfer in the domain. Increasing the orientation of the fins to 45° (case 3—upward) does not affect the heat transfer and the melting process. The gap between the fins is slightly open, which does not considerably affect the heat transfer. From the step times of the contours, apparent differences between the previous two cases regarding the melting time were not found. Opening the gates between the two opposite fins to 67.5° (case 3—upward) allows the PCM to circulate further in the domain, thus allowing more heat to transfer through and resulting in a faster melting process. Additionally, the fourth column shows that opening the gates (orientation of fins is 90° (case 4—upward)) allows more heat to transfer due to the natural convection, which also causes better circulation in the PCM domain.
Figure 4B is a counter map showing the temperature distribution throughout the melting duration of 1800 s for the cases discussed in the previous section. Because of the relatively short length of the system, the temperature of the HTF channels shows no significant changes throughout the melting mode. This is shown by red, the dominant color in the temperature distribution contours. In the case when there is no fin, the temperature rises in the area that is next to the walls of the HTF tube. The temperature of the PCM was predicted to have higher values in the areas closer to the solid wall. As a result of the convective heat transmission, the melted PCM accumulates at the top section, representing the highest temperature zone in the PCM domain. The temperature at the upper part reaches the equilibrium value with the HTF, and gradually, the equilibrium region expands through the domain. Within 1800 s, just 11% of the liquid PCM achieves the equilibrium state with the HTF temperature. The fin’s temperature in the uniformly distributed case almost arrives at the same temperature as the HTF because of the short length (5 mm) of the applied fins. As exposed, the fins deliver to the domain with a constant supply. Even though the small size of the PCM area has a similar temperature to the HTF temperature compared with the no-fin case, the average temperature is slightly higher in the case of inline fins. The orientation of the fins influences the thermal distribution of the PCM. The upward direction of the fins confines some PCM between the fins and the wall. In addition, using the curved fin with a dimension of 1 × 10 mm increases the heat transfer surface area and accelerates the melting process, in addition to enhancing the heat-storage rates. Due to the natural convection, the liquid PCM rises to the top of the domain, leaving the remaining solid part at the base. The fin’s dimensions and direction considerably influence the temperature of the PCM in the field. The low orientation angle of the fin causes a barrier to front the circulation of the molten PCM, resulting in lower heat exchange. Consequently, with a lower mean temperature registered with a higher slope, the gaps between the two opposite fins open, allowing the liquid PCM to flow through the entire domain, causing more heat exchange at the higher average temperature of the PCM. Cases with orientations of 67.5° almost have the same average temperatures because the fins create a shape allowing more PCM to circulate through the domain in both cases.
The average temperature sharply rises within the first 400 s due to the generation of the conduction heat transfer in the solid PCM, as shown in Figure 5A. The natural convection appears in the molten PCM attached to the walls and around the fins, causing a drop in the temperature rising rate. The cases of higher average temperature values are due to the arc-shaped fins having the largest surface area. The figure shows that the PCM temperature in the no-fin case has a softer increase with a lower rate. At the same time, the 90° orientation of the fin causes a higher increasing temperature rate and reaches the thermal equilibrium faster than in the other cases. Figure 5B illustrates the liquid fraction development for the mentioned cases till the fully melting process in the no-fin case. The phase change of the PCM performs smoothly till the entire melting, although the criterion for choosing the best case is reaching 95% of the liquid fraction. The melting time of 95% of the PCM in the no-fin case is 3435 s; however, this progress is much faster in the case of the 90° orientation arc-shaped fins with 1704 s. The use of fins causes a sharp melting rate due to the high heat exchange between the HTF and the PCM. By melting most of the PCM, the temperature difference between the two poles of the heat exchanger drops significantly, causing less heat to be delivered from the HTF to the PCM. Because of the long fix in the case of the 90° orientation fins, which provide a large surface area, and the direction of the fins, which allows softer circulation, this case is found to be the best case among the others.
[image: Figure 5]FIGURE 5 | Variation of (A) temperature and (B) liquid fraction of the PCM for different studied cases during the melting process.
Table 3 shows the storage heat rate and the melting time of the aforementioned cases. Note that in Table 3, the melting time and heat storage rates are presented for all the studied cases for the Reynolds number of 1,000 and inlet water temperature of 50°C. In the following sections, this table is referred to for studying the effect of various parameters. The storage heat rate registered for this case is 89.4 W, which is higher than the uniformly distributed fins, no-fins, 22.5°, 45°, and 67.5° orientation fins by 17%, 93%, 7%, 6.7%, and 1–1%, respectively. This procedure also applies the melting time found as 1704 s for the 90° fin direction case. This value is shorter than the aforementioned cases by 17%, 100.1%, 8%, 8.1%, and 0.8%, respectively.
TABLE 3 | Heat storage rate and melting time for different studied cases during 95% of the melting process for Re = 1000 and Tin = 50°C.
[image: Table 3]Effect of arc-shaped fins with different angles and downward direction
As the fin’s orientation greatly influences the melting process, the curved fins turned over to a great downward-view arrangement. Different directions have been considered, similar to the previous values, but the downward direction is chosen. Figure 6A shows the development of the liquid fraction for various cases during 1800 s. The same procedures are detected in the previous cases of 22.5° (case 2—downward) and 45° (case 3—downward) fin directions; however, the melting process passes slower steps for the cases of 67.5° (case 4—downward) and 90° (case 5—downward). The direction of the fins is the main reason for this behavior. In the downward-view fin, the inside of the curve is directed downward. This configuration helps the molten PCM to slip over the fin when it moves downward, but the liquid PCM is confined between the fins and the wall when it moves upward during the circulation. The outcomes of the cases of 67.5° and 90° are similar, and generally, the results have less improvement than those of the upward-view direction.
[image: Figure 6]FIGURE 6 | (A) Liquid fraction and (B) temperature distribution contour for various cases of the downward-view arrangement at different time steps (upto 1,800 s).
The temperature distribution contour for the downward-view configuration is shown in Figure 6B. The temperature increases beside the wall and around the fins and increases more by gaining more heat from the HTF. The temperature distribution behaves similar to that of the last cases since the liquid phase has a higher temperature and collects at the upper part of the domain and the confined zones between the fins, but the solid portion has a lower temperature relatively. The best case among the downward-view cases is the fin with an angle of 90°, and the average temperature at 1,800 s reaches 41°C.
Table 3 shows the melting time and the heat storage rate for a liquid fraction of 95% for the studied cases in the downward view. The best case found is the case of 90° orientation, while the heat storage rate is 82.4 W, which is higher by 2.5%, 93.9%, and 0.2% than the cases of 22.5°, 45°, and 67.5° angles of the fins. Similarly, the melting time for the best case (90°) is recorded at 1846 s, which is higher than the aforementioned cases by 78, 107, and 4 s, respectively.
Effect of staggered arrangement for the two best cases (case 4—upward and case 5—upward)
Since cases 4—upward and 5–upward are found to be the best cases regarding the melting time and heat storage rate, these cases are selected for further investigation on the effect of the staggered layout of the fins. So, cases 6-R, 6-L, 7-R, and 7-L are explored in this section of the study. Figure 7A shows the liquid fraction development of the proposed cases within 1,800 s in different time steps. The melting process launches at the areas beside the walls and around the fins at the same rate for the cases due to the conduction effect. The liquid phase expands gradually to deeper zones of the PCM. The differences in the melting rate are found at 1,200 s of the process running, whereas the left staggered cases show an advantage over the right staggered case. The reason for this behavior is the more significant flow rate of the HTF through the left channel, causing higher heat exchange with the PCM. Within 1800 s, the whole PCM for the cases is melted, except the base part of the domain, which is still solid. Figure 7B shows the temperature distribution contours for the previous cases during 1,800 s of the operation. The temperature increases beside the walls and around the fins because of the heat exchange caused by the high-temperature difference between the PCM and the HTF. Since the liquid PCM gathers at the top of the domain, the temperature at that area reaches thermal equilibrium. Within 1800 s, most of the PCM in the left staggered reached thermal equilibrium, and the case of the 90° curved fin shows a higher average temperature (45°C) than the other cases.
[image: Figure 7]FIGURE 7 | (A) Liquid fraction and (B) temperature distribution contour for various cases of the staggered fin at different time steps (up to 1,800 s).
The base area of the PCM shows a lower temperature as the PCM is still in a solid state. Table 3 shows the heat storage rate and the melting time through a period of 95% of the melting for the previous cases. Case 7-R is the best case among all the studied cases so far. The heat storage rate for this case is 98.2 W, which is higher by 3.9%, 1.6%, and 1.1% than that of cases 6-R, 6-L, and 7-L, respectively. Furthermore, the melting time for the best case is recorded at 1508 s, which is shorter by 59, 22, and 18 s than the aforementioned cases, respectively. The primary issue in the studied cases is the solid PCM remaining at the base of the domain. In order to achieve the desired result, a flat fin was inserted into the bottom of the field which helps in the melting process of the remaining solid part.
Effect of added fin for the case with uniform fins compared with the best case with staggered arrangement
This subsection compares different cases of adding fin to the base of the domain, including cases 8, 9, 10, and 11 (rectangular fin with an added fin), compared with case 7-L, which is the best case in the previous section. Figure 8A shows the liquid fraction of the aforementioned cases at different time steps. Un-noticeable differences are shown earlier in the process (300 s); the only difference is that there is no melting PCM at the base of the domain without adding a flat fin. The liquid PCM expands gradually along the walls and around the fins. The effect of the added fins is clearly shown at 1200 s, as a portion of the solid PCM is still at the base of the case without adding a fin to the bottom (case 7-L); however, the PCM at the bottom of other cases is melting. The whole PCM is melted before 1800 s in both cases of 90° orientation fins with adding fin to the bottom of the domain. At 1,800 s, the solid PCM is clearly shown for both cases of regular uniform inline fins (line 5) and the case without adding a flat fin (line 4).
[image: Figure 8]FIGURE 8 | (A) Liquid fraction and (B) temperature distribution contours for various cases at different time steps (up to 1,800 s).
The temperature contours for the aforementioned cases show the same explained behaviors (Figure 8B). The temperature distribution pattern depends on the configurations and locations of the fins. Initially, the temperature rises along the wall and over the fins because of the high-temperature differences between PCM and the wall. The temperature of the HTF does not change because of the short length of the domain. At 1,800 s, the average temperature reaches a higher value for the cases of 90° sloped fins. The upper part of the domain matches the thermal balance with the HTF, and the average temperature drops as it goes downward.
Table 3 lists the heat storage rate and the charging period for the aforementioned cases during the fully charging process. Case 10 reveals a better performance than the other studied cases. The storage rate for this case is 93.4 W, which is higher by 5.8%, 3.8%, 20.2%, and 33.2% than cases 8, 9, 11, and 7-R, respectively. The melting time of the optimal case was recorded at 1,708 s, which is shorter than the aforementioned cases by 137, 102, 370, and 698 s, respectively. All the studied cases reveal that the 90° orientation fins, upward view with left staggered arrangement integrating with a flat fin at the base, is the best case regarding the charging period and the system’s general performance. Therefore, this case is further dependent on studying the effect of the inlet temperature and the flow rate presented by the Reynolds number.
Effect of the Reynolds number on the best case
The influence of the HTF flow rate (represented by Re) was explored for case 10 as it is the best-studied case. Various Reynolds numbers of 500, 1,000, and 1,500 (laminar flow range) were considered, as shown in Figure 9A. The velocity values related to the Reynolds numbers 500, 1,000, and 1,500 were 1.345, 2.69, and 4.035 cm/s, respectively. A higher velocity usually enhances the thermal ability and the convection heat transfer. The assumed Re was in the laminar flow range, and the impact of the HTF velocity on the charging process was studied. For all the values of the Re, the melting behavior and the slopes are almost similar. The period for the 95% melting of the PCM shows a clear advantage for the higher Re since the higher velocity provides a continuous high temperature of the HTF, resulting in a higher temperature difference between the HTF and the PCM and causing higher heat transfer. Figure 9B shows the average temperature development of the PCM for the aforementioned values of the Re. The PCM’s average temperature in the case of the higher Re shows higher values along the melting process, as the high Re provides a higher temperature difference between both operation materials. The temperature increases sharply at the beginning of the melting process due the thermal conduction, and then the gradient drops because of the appearance of the convection heat transfer, which is caused by the melting process. The variation in the slope, revealed for all Re, began at 1,600 s and was produced by generating liquid, which established a free convection impact. Although changes in the unit efficiency are slight when using various values of Re, minor enhancement concerning one parameter should be studied to enhance the entire system’s operation.
[image: Figure 9]FIGURE 9 | (A) Liquid fraction and (B) mean temperature rising of the PCM for different values of Re through the charging process.
Table 4 reveals that the increase in Re from 500 to 1,000 and 1,500 drops the charging time by 5.75% and 9.15%, improving the heat storage rate by 6.18% and 10.2%, respectively. In summary, a greater Re value enhances the functioning of the unit by decreasing the charging period and raising the storage rate.
TABLE 4 | Energy storage rate and melting period for case 10 for different values of Re during the charging process.
[image: Table 4]Effect of inlet temperature of HTF
The HTF inlet temperature influences the charging process and is also investigated for the best-studied case (case 10). Three varying temperatures, i.e., 45, 50, and 55°C, are utilized for this assessment. According to Figure 10A, the difference in the temperature at the HTF inlet section significantly impacts the production of the molten PCM, and the figure shows that the charging time extends as the inlet temperature of HTF decreases. When the temperature at the inlet is greater, the temperature differential between the HTF and the PCM is also larger. This leads to an increased amount of heat being transferred from the HTF to the PCM, which expedites the charging process as a consequence. When the input temperature increases from 45 to 50°C or 55°C, the charging time is reduced by 350 s and 1,244 s, respectively. When employing the hotter HTF, the temperature of the PCM is more capable of attaining thermal equilibrium in a shorter amount of time. It took 1800 s for the PCM to achieve thermal equilibrium when the inlet temperature was 55°C. However, this period increased to 2,200 s and 2,400 s when the inlet temperature was 50°C or 45°C, respectively, as shown in Figure 10B. This outcome results from a high-temperature variance, which causes a greater heat transfer between the HTF and the PCM. As a result, the thermal equilibrium is reached more quickly in cases when the HTF temperature is at its maximum. The effects of the temperature of the incoming HTF are listed in Table 5. Compared to the charging duration at an inlet temperature of 45°C, which was 2,508 s, the total charging period rose by 98% when the inlet temperature was 55°C and by 47% when the inlet temperature was 50°C. When the inlet temperatures are 55 and 50°C, the heat storage rate was increased by 105% and 48%, respectively. The heat storage rate was 63 W when the inlet temperature was 45°C.
[image: Figure 10]FIGURE 10 | (A) Liquid fraction and (B) mean temperature rising of the PCM for different values of HTF inlet temperature during the melting process.
TABLE 5 | Heat storage rate and melting time for case 10 for different values of HTF inlet temperature during the melting process.
[image: Table 5]CONCLUSION
The primary factor limiting the phase-change response of these materials in various applications is the limited heat conductivity of PCM. To satisfy the requirements of the associated applications, this fault necessitates an improvement in thermal performance. The melting process is improved by adding expanded surfaces or fins to thermal energy storage devices by raising the domain’s effective thermal conductivity. In this work, arc-shaped fins of various sizes and orientations were used to alter the PCM’s underwhelming thermal response compared to systems with no fins and systems with uniform fins during the charging process of a triple-tube thermal energy storage system. The curvature, placement, and orientation of the fins, as well as the initial HTF variables, such as the flow rate and temperature, were taken into account in several simulations run for the analyzed designs. The phases and temperature distributions in the domain, along with the charging time and heat storage rate for each case, were all considered in the improvement assessment. As a means of improving the natural convection effect in the blind area, the impact of adding a fin to the system’s base was also examined. The findings showed that the arc-shaped fins could considerably enhance PCM’s melting rate and associated heat storage properties. The melting rate is 17% and 93.1% greater for the case fitted with an inline distribution of the fins with a circular angle of 90° and an upward direction, respectively, than those of uniform rectangular fins and no fins. For the instance of arc-shaped fins with a 90° circular angle, the melting rate increases by 9% when using a staggered distribution. The system with 90° orientation fins, an upward view, left staggered integration, and a flat fin at the base is the best example of the melting time and the system’s overall performance, according to all the analyzed scenarios. The melting time is inversely related to the Reynolds number, and the storage rate is directly proportional. The charging time was lowered by 5.8% and 9.2% when the Reynolds number rose from 500 to 1,000 and 1,500, respectively, while the rate of heat storage increased by 6.2% and 10.3%. In conclusion, a higher Reynolds number improves the device’s performance by reducing charging time and boosting the storage rate. Regarding the HTF temperature, it was demonstrated that when the inlet temperatures were 55°C and 50°C, respectively, the whole charging period was extended by 98% and 47% compared to the melting time when the inlet temperature was 45°C, which is 2,508 s. When the inlet temperatures were 55°C and 50°C, respectively, the heat storage rate increased by 105% and 48% compared to the melting power at 45°C, which is 63 W.
The idea of employing fins with varying degrees and orientations of curvature to thermal energy storage systems has not been previously investigated. When these approaches are used, numerical results from this work show a promising improvement in storage operation. Additionally, additional thoughts on the issues of pressure drop and thermal management might be undertaken beforehand. In future, this work could be expanded to include further parameters such as porous medium, nanoparticles, using larger sizes of the system with different configurations, and performing such studies experimentally.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
Conceptualization: AA; methodology: HRM and HIM; software: JM and WY; validation: NK; formal analysis: HRM, AD, JM, HIM, and JB; investigation: AA, JM, HRM, RI, and HIM; writing—original draft preparation: AA, AD, JM, HIM, and WY; writing—review and editing: RI, NK, AD, JM, and HIM; supervision: JM; All authors have read and agreed to the published version of this manuscript.
ACKNOWLEDGMENTS
The author (AA) would like to acknowledge Al-Mustaqbal University College (MUC), Babylon, Iraq, for funding this work under Grant Number MUC-E-0122.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdulateef, A. M., Abdulateef, J., Sopian, K., Mat, S., and Ibrahim, A. (2019). Optimal fin parameters used for enhancing the melting and solidification of phase-change material in a heat exchanger unite. Case Stud. Therm. Eng. 14, 100487. doi:10.1016/j.csite.2019.100487
 Abdulmunem, A. R., Samin, P. M., Rahman, H. A., Hussien, H. A., and Ghazali, H. (2021). A novel thermal regulation method for photovoltaic panels using porous metals filled with phase change material and nanoparticle additives. J. Energy Storage 39, 102621. doi:10.1016/j.est.2021.102621
 Al-Najjar, H. M. T., Mahdi, J., Bokov, D., Khedher, N., Alshammari, N., Catalan Opulencia, M., et al. (2022). Improving the melting duration of a PV/PCM system integrated with different metal foam configurations for thermal energy management. Nanomaterials 12 (3), 423. doi:10.3390/nano12030423
 Alizadeh, M., Hosseinzadeh, K., Shahavi, M., and Ganji, D. (2019). Solidification acceleration in a triplex-tube latent heat thermal energy storage system using V-shaped fin and nano-enhanced phase change material. Appl. Therm. Eng. 163, 114436. doi:10.1016/j.applthermaleng.2019.114436
 Ansu, A. K., Sharma, R. K., Hagos, F. Y., Tripathi, D., and Tyagi, V. V. (2021). Improved thermal energy storage behavior of polyethylene glycol-based NEOPCM containing aluminum oxide nanoparticles for solar thermal applications. J. Therm. Anal. Calorim. 143 (3), 1881–1892. doi:10.1007/s10973-020-09976-2
 Ansu, A. K., Sharma, R. K., Tyagi, V. V., Sari, A., Ganesan, P., and Tripathi, D. (2020). A cycling study for reliability, chemical stability and thermal durability of polyethylene glycols of molecular weight 2000 and 10000 as organic latent heat thermal energy storage materials. Int. J. Energy Res. 44 (3), 2183–2195. doi:10.1002/er.5079
 Burlatsky, S. F., Atrazhev, V. V., Gummalla, M., Condit, D. A., and Liu, F. (2009). The impact of thermal conductivity and diffusion rates on water vapor transport through gas diffusion layers. J. Power Sources 190 (2), 485–492. doi:10.1016/j.jpowsour.2008.12.131
 Chen, K., Mohammed, H. I., Mahdi, J. M., Rahbari, A., Cairns, A., and Talebizadehsardari, P. (2022). Effects of non-uniform fin arrangement and size on the thermal response of a vertical latent heat triple-tube heat exchanger. J. Energy Storage 45, 103723. doi:10.1016/j.est.2021.103723
 Diakonova, S., Sysoeva, D., Stepan, A., Surovtsev, I., and Karpovich, M. (2020). “On the application of the thermal conductivity equation to describe the diffusion process,” in E3S web of conferences (France: EDP Sciences).
 Elmaazouzi, Z., El Alami, M., Agalit, H., and Bennouna, E. (2020). Performance evaluation of latent heat TES system-case study: Dimensions improvements of annular fins exchanger. Energy Rep. 6, 294–301. doi:10.1016/j.egyr.2019.08.059
 Esapour, M., Hosseini, M., Ranjbar, A., Pahamli, Y., and Bahrampoury, R. (2016). Phase change in multi-tube heat exchangers. Renew. Energy 85, 1017–1025. doi:10.1016/j.renene.2015.07.063
 Essa, M. A., Rofaiel, I. Y., and Ahmed, M. A. (2020). Experimental and theoretical analysis for the performance of evacuated tube collector integrated with helical finned heat pipes using PCM energy storage. Energy 206, 118166. doi:10.1016/j.energy.2020.118166
 Fath, H. E. (1998). Technical assessment of solar thermal energy storage technologies. Renew. energy 14 (1-4), 35–40. doi:10.1016/s0960-1481(98)00044-5
 Ghalambaz, M., Eisapour, A. H., Mohammed, H. I., Islam, M. S., Younis, O., Sardari, P. T., et al. (2021). Impact of tube bundle placement on the thermal charging of a latent heat storage unit. Energies 14 (5), 1289. doi:10.3390/en14051289
 Ghalambaz, M., Mohammed, H. I., Mahdi, J. M., Eisapour, A. H., Younis, O., Ghosh, A., et al. (2021). Intensifying the charging response of a phase-change material with twisted fin arrays in a shell-and-tube storage system. Energies 14 (6), 1619. doi:10.3390/en14061619
 Hasnain, S. (1998). Review on sustainable thermal energy storage technologies, Part I: heat storage materials and techniques. Energy Convers. Manag. 39 (11), 1127–1138. doi:10.1016/s0196-8904(98)00025-9
 Hassan, A. K., Abdulateef, J., Mahdi, M. S., and Hasan, A. F. (2020). Experimental evaluation of thermal performance of two different finned latent heat storage systems. Case Stud. Therm. Eng. 21, 100675. doi:10.1016/j.csite.2020.100675
 Heier, J., Bales, C., and Martin, V. (2015). Combining thermal energy storage with buildings–a review. Renew. Sustain. Energy Rev. 42, 1305–1325. doi:10.1016/j.rser.2014.11.031
 IRENA (2020). Renewable power generation costs in 2019. Abu Dhabi: The International Renewable Energy Agency. 
 Jin, Y., Yang, C., Hu, X., Xu, G., Du, Z., Zhao, B., et al. (2017). “Phase change materials (PCM) based multi-stage thermal energy storage (TES) and its application,” in 2017 IEEE Conference on Energy Internet and Energy System Integration (EI2),  (Beijing, China, 26-28 November 2017).
 Kåberger, T. (2018). Progress of renewable electricity replacing fossil fuels. Glob. Energy Interconnect. 1 (1), 48–52. 
 Kant, K., Shukla, A., Sharma, A., and Henry Biwole, P. (2017). Heat transfer study of phase change materials with graphene nano particle for thermal energy storage. Sol. Energy 146, 453–463. doi:10.1016/j.solener.2017.03.013
 Keiner, D., Ram, M., Barbosa, L. D. S. N. S., Bogdanov, D., and Breyer, C. (2019). Cost optimal self-consumption of PV prosumers with stationary batteries, heat pumps, thermal energy storage and electric vehicles across the world up to 2050. Sol. Energy 185, 406–423. doi:10.1016/j.solener.2019.04.081
 Langsdorf, S. (2011). EU energy policy: from the ECSC to the energy roadmap 2050. Brussels, Belgium: Green European Foundation. 
 Liao, Z., Xu, C., Ren, Y., Gao, F., Ju, X., and Du, X. (2018). A novel effective thermal conductivity correlation of the PCM melting in spherical PCM encapsulation for the packed bed TES system. Appl. Therm. Eng. 135, 116–122. doi:10.1016/j.applthermaleng.2018.02.048
 Lohrasbi, S., Bandpy, M. G., and Ganji, D. (2016). Response surface method optimization of V-shaped fin assisted latent heat thermal energy storage system during discharging process. Alexandria Eng. J. 55 (3), 2065–2076. doi:10.1016/j.aej.2016.07.004
 Mahdi, J. M., Mohammed, H. I., Hashim, E. T., Talebizadehsardari, P., and Nsofor, E. C. (2020). Solidification enhancement with multiple PCMs, cascaded metal foam and nanoparticles in the shell-and-tube energy storage system. Appl. Energy 257, 113993. doi:10.1016/j.apenergy.2019.113993
 Mahdi, J. M., and Nsofor, E. C. (2017). Melting enhancement in triplex-tube latent heat energy storage system using nanoparticles-metal foam combination. Appl. Energy 191, 22–34. doi:10.1016/j.apenergy.2016.11.036
 Mahdi, J. M., and Nsofor, E. C. (2017). Melting enhancement in triplex-tube latent thermal energy storage system using nanoparticles-fins combination. Int. J. Heat Mass Transf. 109, 417–427. doi:10.1016/j.ijheatmasstransfer.2017.02.016
 Mahdi, J. M., and Nsofor, E. C. (2017). Solidification enhancement in a triplex-tube latent heat energy storage system using nanoparticles-metal foam combination. Energy 126, 501–512. doi:10.1016/j.energy.2017.03.060
 Mat, S., Al-Abidi, A. A., Sopian, K., Sulaiman, M., and Mohammad, A. T. (2013). Enhance heat transfer for PCM melting in triplex tube with internal–external fins. Energy Convers. Manag. 74, 223–236. doi:10.1016/j.enconman.2013.05.003
 Mohammadi, S., and Mohammadi, A. (2014). Stochastic scenario-based model and investigating size of battery energy storage and thermal energy storage for micro-grid. Int. J. Electr. Power & Energy Syst. 61, 531–546. doi:10.1016/j.ijepes.2014.03.041
 Mohammed, H. I. (2022). Discharge improvement of a phase change material-air-based thermal energy storage unit for space heating applications using metal foams in the air sides. Heat. Trans. 51 (5), 3830–3852. doi:10.1002/htj.22479
 Najim, F. T., Bahlekeh, A., Mohammed, H. I., Dulaimi, A., Abed, A. M., Ibrahem, R. K., et al. (2022). Evaluation of melting mechanism and natural convection effect in a triplex tube heat storage system with a novel fin arrangement. Sustainability 14 (17), 10982. doi:10.3390/su141710982
 Najim, F. T., Mohammed, H. I., Al-Najjar, H. M. T., Thangavelu, L., Mahmoud, M. Z., Mahdi, J. M., et al. (2022). Improved melting of latent heat storage using fin arrays with non-uniform dimensions and distinct patterns. Nanomaterials 12 (3), 403. doi:10.3390/nano12030403
 Nakhchi, M., and Esfahani, J. (2020). Improving the melting performance of PCM thermal energy storage with novel stepped fins. J. Energy Storage 30, 101424. doi:10.1016/j.est.2020.101424
 Paria, S., Baradaran, S., Amiri, A., Sarhan, A. A. D., and Kazi, S. N. (2016). Performance evaluation of latent heat energy storage in horizontal shell-and-finned tube for solar application. J. Therm. Anal. Calorim. 123 (2), 1371–1381. doi:10.1007/s10973-015-5006-1
 Rojas, M. d. P. A., Mateos, R., Sotres, A., Zaiat, M., Gonzalez, E. R., Escapa, A., et al. (2018). Microbial electrosynthesis (MES) from CO2 is resilient to fluctuations in renewable energy supply. Energy Convers. Manag. 177, 272–279. doi:10.1016/j.enconman.2018.09.064
 Sardari, P. T., Mohammed, H. I., Giddings, D., walker, G. S., Gillott, M., and Grant, D. (2019). Numerical study of a multiple-segment metal foam-PCM latent heat storage unit: Effect of porosity, pore density and location of heat source. Energy 189, 116108. doi:10.1016/j.energy.2019.116108
 Sarı, A., and Karaipekli, A. (2012). Fatty acid esters-based composite phase change materials for thermal energy storage in buildings. Appl. Therm. Eng. 37, 208–216. doi:10.1016/j.applthermaleng.2011.11.017
 Shahsavar, A., Khosravi, J., Mohammed, H. I., and Talebizadehsardari, P. (2020). Performance evaluation of melting/solidification mechanism in a variable wave-length wavy channel double-tube latent heat storage system. J. Energy Storage 27, 101063. doi:10.1016/j.est.2019.101063
 Shahsavar, A., Shaham, A., and Talebizadehsardari, P. (2019). Wavy channels triple-tube LHS unit with sinusoidal variable wavelength in charging/discharging mechanism. Int. Commun. Heat Mass Transf. 107, 93–105. doi:10.1016/j.icheatmasstransfer.2019.05.012
 Sobolciak, P., Mustapha, K., Krupa, I., and Mariam, A. A. (2015). “Storage and release of thermal energy of phase change materials based on linear low density of polyethylene, parafin wax and expanded graphite applicable in building industry,” in Proceedings of the TMS Middle East—mediterranean materials congress on energy and infrastructure systems (MEMA 2015) (Germany: Springer).
 Sun, X., Mohammed, H. I., Tiji, M. E., Mahdi, J. M., Majdi, H. S., Wang, Z., et al. (2021). Investigation of heat transfer enhancement in a triple TUBE latent heat storage system using circular fins with inline and staggered arrangements. Nanomaterials 11 (10), 2647. doi:10.3390/nano11102647
 Talebizadeh Sardari, P., Walker, G. S., Gillott, M., Grant, D., and Giddings, D. (2019). Numerical modelling of phase change material melting process embedded in porous media: Effect of heat storage size. Proc. Institution Mech. Eng. Part A J. Power Energy 234, 365–383. doi:10.1177/0957650919862974
 Talebizadeh Sardari, P., Walker, G. S., Gillott, M., Grant, D., and Giddings, D. (2020). Numerical modelling of phase change material melting process embedded in porous media: Effect of heat storage size. Proc. institution Mech. Eng. Part A J. Power Energy 234 (3), 365–383. doi:10.1177/0957650919862974
 Talebizadehsardari, P., Mahdi, J. M., Mohammed, H. I., Moghimi, M., Hossein Eisapour, A., and Ghalambaz, M. (2021). Consecutive charging and discharging of a PCM-based plate heat exchanger with zigzag configuration. Appl. Therm. Eng. 193, 116970. doi:10.1016/j.applthermaleng.2021.116970
 Tiari, S., Mahdavi, M., and Qiu, S. (2017). Experimental study of a latent heat thermal energy storage system assisted by a heat pipe network. Energy Convers. Manag. 153, 362–373. doi:10.1016/j.enconman.2017.10.019
 Tiji, M. E., Eisapour, M., Yousefzadeh, R., Azadian, M., and Talebizadehsardari, P. (2020). A numerical study of a PCM-based passive solar chimney with a finned absorber. J. Build. Eng. 32, 101516. doi:10.1016/j.jobe.2020.101516
 Tiji, M. E., Mahdi, J., Mohammed, H., Majdi, H., Ebrahimi, A., Mahani, R., et al. (2021). Natural convection effect on solidification enhancement in a multi-tube latent heat storage system: Effect of tubes’ arrangement. Energies 14 (22), 7489. doi:10.3390/en14227489
 Wang, P., Wang, X., Huang, Y., Li, C., Peng, Z., and Ding, Y. (2015). Thermal energy charging behaviour of a heat exchange device with a zigzag plate configuration containing multi-phase-change-materials (m-PCMs). Appl. energy 142, 328–336. doi:10.1016/j.apenergy.2014.12.050
 Wong-Pinto, L.-S., Milian, Y., and Ushak, S. (2020). Progress on use of nanoparticles in salt hydrates as phase change materials. Renew. Sustain. Energy Rev. 122, 109727. doi:10.1016/j.rser.2020.109727
 Wu, J., Chen, Q., Zhang, Y., and Sun, K. (2021). A novel compensating fins configuration for improving the thermal performance of latent heat thermal energy storage unit. J. Energy Storage 44, 103328. doi:10.1016/j.est.2021.103328
 Xu, T., Gao, W., Qian, F., and Li, Y. (2022). The implementation limitation of variable renewable energies and its impacts on the public power grid. Energy 239, 121992. doi:10.1016/j.energy.2021.121992
 Yamada, N. (2012). Origin, secret, and application of the ideal phase-change material GeSbTe. New Jersey: Wiley Online Library, 1837–1842.
 Ye, W.-B., Zhu, D.-S., and Wang, N. (2011). Numerical simulation on phase-change thermal storage/release in a plate-fin unit. Appl. Therm. Eng. 31 (17), 3871–3884. doi:10.1016/j.applthermaleng.2011.07.035
 Yuan, Y., Zhang, N., Tao, W., Cao, X., and He, Y. (2014). Fatty acids as phase change materials: a review. Renew. Sustain. Energy Rev. 29, 482–498. doi:10.1016/j.rser.2013.08.107
 Zeneli, M., Nikolopoulos, A., Nikolopoulos, N., and Karellas, S. (2021). “Chapter 7 - numerical methods for solid-liquid phase-change problems,” in Ultra-high temperature thermal energy storage, transfer and conversion ed . Editor A. Datas (Sawston: Woodhead Publishing), 165–199.
 Zhou, D., and Zhao, C. (2011). Experimental investigations on heat transfer in phase change materials (PCMs) embedded in porous materials. Appl. Therm. Eng. 31 (5), 970–977. doi:10.1016/j.applthermaleng.2010.11.022
 Zhou, W., Mohammed, H. I., Chen, S., Luo, M., and Wu, Y. (2022). Effects of mechanical vibration on the heat transfer performance of shell-and-tube latent heat thermal storage units during charging process. Appl. Therm. Eng. 216, 119133. doi:10.1016/j.applthermaleng.2022.119133
NOMENCLATURE
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[image: image](Jkg-1K-1) specific heat
E (J) heat storage
[image: image](ms-2) gravity
[image: image](Wm-1K-1) effective thermal conductivity
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[image: image](°C) temperature
[image: image](°C) air temperature
[image: image](°C) solid temperature
[image: image](°C) liquidus temperature
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Greek symbols
[image: image] liquid fraction
[image: image](kgm-3) PCM density
[image: image](Jkg-1) PCM latent heat
Abbreviation
TES thermal energy storage
PCM phase-change materials
LHS latent heat storage
HTF heat-transfer fluid
LHTES latent heat thermal energy storage
TTHX triple-tube heat exchanger
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