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Introduction: The spiral tube heat storage tank is a highly efficient device designed for storing and releasing heat, utilizing a spiral tube structure. Its key advantages include efficiency, reliability, and flexibility, making it suitable for a wide range of conditions, from high temperatures and pressures to low temperatures and high vacuums.Methods: This study aims to analyze phase change heat storage in spiral tube heat storage tanks using numerical simulation.Results: It explores the impact of varying water supply temperatures on heat transfer efficiency and the melting behavior of phase change materials within the tanks. Proposed enhancements, informed by numerical simulation results, seek to improve heat transfer efficiency. Simulation findings indicate that charging efficiency rises with increased temperature differentials, akin to sleeve-type heat exchangers.Discussion: Calculations suggest faster melting of phase change materials at the central position of the tank’s spiral tube, with slower melting near the vessel wall. Consequently, reducing the number of spiral tubes in the middle is suggested for future structural optimization.Keywords: heat storage equipment, spiral tubes, phase change heat storage, temperature monitoring, numerical simulation
1 INTRODUCTION
With the rapid economic development and huge consumption of energy, traditional energy sources are slowly being depleted, and the problem of energy demand being less than supply is becoming increasingly serious (Zhang et al., 2017; Yang et al., 2024). Meanwhile, there is a significant amount of industrial waste heat generated annually, which has considerable potential for recovery (Bruckner et al., 2015; Luo et al., 2023). Maximizing the recovery of industrial waste heat and utilizing it for energy storage can alleviate energy supply and demand pressure to some extent. Currently, energy storage technologies are widely used in the development and utilization of new energy sources such as solar and geothermal energy. These technologies include solar collector energy storage (Yang et al., 2023; Geng et al., 2024a), solar photovoltaic-thermal energy storage (Geng et al., 2024b; Gao et al., 2023), seasonal solar collector energy storage (Li et al., 2020), and geothermal resource development and energy storage (Geng et al., 2024c; Xiao et al., 2024).
Thermal energy storage (TES) serves as an effective approach for reclaiming industrial waste heat and harnessing energy from solar and geothermal sources (Tong et al., 2023; Qiao et al., 2024). TES is a heat recovery system that effectively solves the problem of timeliness of energy by storing heat from a certain time and place and using it when needed (Luo and Lu, 2023; Pathak et al., 2023). These systems are commonly categorized as sensible heat storage, latent heat storage, and thermochemical storage. While sensible heat storage is a well-established technology, it exhibits low energy storage density and demands a high initial investment. Thermochemical storage boasts high energy storage density; however, its charging and discharging process is intricate, with lingering technical challenges in mechanism research. Therefore, there are more studies on phase change heat storage, and some of them have been applied in practical engineering (Xu et al., 2023; Khudhair and Farid, 2004). Phase Change Material (PCM) energy storage systems are designed to utilize the latent heat generated during the melting and solidification process of PCM to store and utilize energy. PCM is an excellent energy storage material due to its adjustable phase change temperature, high transition latent heat, good heat transfer properties, and advantageous physical properties such as facilitating phase equilibrium, high density, small volume change, and low vapor pressure (Sharma et al., 2009).
Phase change energy storage systems can be broadly categorized as direct-contact and non-direct-contact storage boxes, differing in storage box structure and heat transfer mechanisms (Du et al., 2021). In direct-contact Material Thermal Energy Storage (M-TES) boxes, the phase-change material (PCM) directly mixes with the heat transfer fluid (HTF). Conversely, non-direct-contact M-TES boxes feature a solid barrier that physically separates the storage material from the heat transfer fluid during heat transfer. Such systems utilize a heat exchanger to achieve the desired heat input and output rates for the box. Currently, research on non-direct-contact phase-change thermal energy storage boxes is more extensive. Kang (Kang et al., 2023) conducted a study on the energy storage box of the cased heat exchanger, utilizing simulation to optimize the structure of the shell-and-tube heat exchanger tube bundle arrangement and mounting fins. Li (Li et al., 2013) conducted an economic evaluation of a mobile heat storage system, revealing that the heating cost of M-TES is primarily influenced by transportation distance and heating demand. It was also noted that PCM is more suitable for situations with high heating demand or long transportation distances. Guo (Guo et al., 2016) investigated the melting and solidification behavior of PCM in a non-direct-contact thermal energy storage box through numerical simulation, analyzing the factors influencing the charging and discharging time of the system. The majority of non-direct-contact thermal storage boxes proposed by scholars are elongated and large in volume, suitable for use in mobile phase change heating systems and large fixed heat storage systems. However, there are few thermal storage boxes suitable for household use and compatible with solar energy collection systems.
This paper explores a multifunctional storage tank equipped with a spiral tube heat exchanger. The design of a heat storage system utilizing a spiral tube heat exchanger is presented, and a numerical simulation of the corresponding storage tank has been carried out. The investigation delves into the characteristics of spiral tube heat exchangers throughout the charging and exothermic phases of enhanced phase-change materials. This encompasses aspects of phase change, heat transfer, and fluid dynamics. Furthermore, the analysis explores how varying water supply temperatures affect heat transfer efficiency and the melting behaviors of phase change materials within the spiral tube thermal storage tank.
2 NUMERICAL METHODS
2.1 Physical model
Figure 1 depicts the configuration of a versatile heat storage tank, which sourced from Reference 18. The tank comprises eight layers of thermal pipes arranged spirally. Pipes within each layer are interconnected end to end, and their respective inlets and outlets are positioned on the upper side. Hot water enters through the inlet, traverses all pipes, and exits through the outlet. The phase change material is paraffin RT70HC and the walls and bottom of the heat storage tank are insulated. For simplification of the analysis, since the heat storage tank is approximately an axisymmetric structure, the three-dimensional model is reduced to a two-dimensional model for calculation, as demonstrated in Figure 2.
[image: Figure 1]FIGURE 1 | Schematic diagram of multi-purpose heat storage tank structure (SHARMA et al., 2009).
[image: Figure 2]FIGURE 2 | The computing domain of CFD. (A) Three-dimensional model of heat storage tank (B) The simplified two-dimensional model of heat storage tank.
2.2 Mathematical model
2.2.1 Phase change heat transfer model
The enthalpy method is employed in this study for solving. The enthalpy method model is mathematically represented as follows:
In the absence of convective heat exchange and internal heat sources, the energy balance Equation 1 is established by considering a given surface area (A) and control volume (V):
[image: image]
Equation 2 expresses the relationship between temperature and enthalpy, with [image: image] and [image: image] as constants.
[image: image]
In this equation, [image: image] and [image: image] denote the saturation enthalpies in the solid and liquid phases, respectively, with [image: image] representing the phase change temperature of the PCM.
Assuming no internal heat sources in the PCM and considering only conductive heat exchange within the collector, Equations 3, 4 can be utilized to delineate the energy equations for the solid phase domain, liquid phase domain, and the interface between the solid and liquid phases.
[image: image]
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This paper explores the phase change process in PCM. The enthalpy method is favored for its simplicity and high precision in calculating solid-liquid phase change processes. Hence, the numerical simulation in this paper employs the enthalpy method model to calculate the process of solid phase change.
2.2.2 Control equations
This paper’s numerical simulation focuses on the charging and discharging processes of a versatile heat storage tank to ensure the conservation of mass, energy, and momentum. Assuming laminar flow in calculations due to the weak flow of the phase change material paraffin (RT70HC) in the heat storage container. The corresponding control equations are provided in Equations 5–8:
Energy Equation
[image: image]
Momentum Equations
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Continuity Equation
[image: image]
This equation employs several variables to represent various physical properties. Here, [image: image] denotes the density of the phase change material, [image: image] represents its temperature, and [image: image] denotes time. Additionally, [image: image] and [image: image] represent the velocities of the liquid phase heat storage material in the [image: image] and [image: image] directions. [image: image] represents the thermal conductivity, and [image: image] is the specific heat capacity at constant pressure of the phase change material. [image: image] is the source term in the energy equation, and [image: image] is the dynamic viscosity of the material. [image: image] stands for pressure in Pascal [image: image]. [image: image] and [image: image] are the x-direction and z-direction momentum source terms, acting essentially as damping terms. If the melt fraction approaches 0, the damping term’s value will be large. Conversely, when the melt fraction approaches 1, the damping term will disappear from the momentum equation.
The heat stored in the phase change material is calculated using Equation 9:
[image: image]
[image: image], [image: image], and [image: image] signify the initial, melting, and final temperatures, [image: image] denotes the mass of the PCM, while [image: image] and [image: image] represent the specific heat capacities of the solid and liquid phases, [image: image] represents the latent heat of phase change.
2.2.3 Melting/solidification model
In Fluent, the ‘enthalpy-porosity’ in the melting/solidification model is defined as the liquid-phase rate of a phase-change working medium, representing the degree of thermal melting. The liquid-phase rate, denoted as [image: image], is expressed in Equation 10 (Huang et al., 2013):
[image: image]
If 0 < [image: image] < 1, it signifies that the PCM is in a two-phase state. During this phase, PCM can be treated as a porous medium, with the porous part indicating the percentage of the total volume occupied by the liquid phase. [image: image] and [image: image] denote the enthalpies of the solid and liquid phases of PCM, respectively. Additionally, the constant in the viscous zone is set to 1 × 105 (Fadl and Eames, 2019).
2.3 Boundary conditions
In the process of numerical computations, a quadrilateral mesh is utilized to partition the model grid, as depicted in Figure 3. Based on the mathematical model for heat transfer within the system, boundary conditions are defined for different structural boundaries within the model. The walls are made of insulating materials, and the pipe walls are maintained at a constant temperature of 350K for exchanging heat with the phase change material, specifically, the chosen phase change material is RT70HC, based on paraffin. Classified under the paraffin category in heat storage materials, RT70HC possesses a melting point of 70°C, as detailed in Table 1. It falls within the category of medium-low temperature phase change materials, with a boiling point lower than that of water. Moreover, it demonstrates a high latent heat value within this temperature range. They are employing RT70HC, a paraffin-based phase change material, for heat storage results in favorable outcomes. However, similar to numerous organic phase change materials for heat storage, paraffin-based substances encounter the obstacle of low thermal conductivity, measuring only [image: image] To improve heat transfer efficiency, addressing the challenge of low thermal conductivity through simulated optimization analysis will be a central focus in future research endeavors.
[image: Figure 3]FIGURE 3 | Naming of two-dimensional boundary conditions for multi-purpose heat storage tanks.
TABLE 1 | Characteristics table of RT70HC phase change material.
[image: Table 1]3 COMPUTATIONAL VERIFICATION
3.1 Mesh independence verification
The research employed a quadrilateral mesh to partition the heat exchange model into grids, depicted in Figure 4. Due to a substantial temperature gradient in the heat exchange pipes, encryption was applied to enhance calculation accuracy. Ensuring grid independence, the researchers utilized four quadrilateral grids with grid counts of 55,000, 60,000, 65,000, and 70,000. Temperature calculation results exhibited similarity across all four grid counts, leading to the conclusion that accuracy is independent of the grid count when it's 55,000 or more. Striking a balance between computational resources and accuracy needs, the researchers chose the grid division result with a count of 65,000 for subsequent model validation.
[image: Figure 4]FIGURE 4 | Schematic diagram of grid division.
3.2 Comparison of experimental and simulation results
Ensuring model accuracy, we compared the calculated values of three temperature monitoring points (depicted in Figure 3) with the experimental data by Kuta (Kuta, 2023). Figure 5 clearly illustrates a close correspondence between the calculated values of the three monitoring points and the experimental values. This suggests that the present calculated values align with the experimental outcomes in the referenced literature, affirming the model’s suitability for numerical simulation studies of multi-purpose thermal storage tanks.
[image: Figure 5]FIGURE 5 | Comparison between calculated and experimental values of monitoring points. (A) Monitoring position T1 (B) Monitoring position T2 (C) Monitoring position T3.
4 RESULTS
After conducting a series of experiments, a discussion was held to analyze the phase-change process during the endothermic phase, the effect of supply water temperature on this process, and the influence of heat loss. The results obtained from three tests were compared, and the most useful outcomes were selected and highlighted in the paper.
4.1 Analysis of the phase change heat transfer process in the spiral thermal storage tank
The first test experiment shows very clearly how phase changes in thermal storage depend on the water supply temperature. The maximum inlet water temperature for the first test experiment was 74.8°C, while initially the water supply temperature was assumed to be 85°C. However, this temperature was not reached in experiment 1. This would have resulted in a situation where the full phase change did not occur. As shown in Figures 6, 7, although the heat absorption process was incomplete at the experiment’s end, noticeable initial temperature changes occurred at various measurement points. However, due to insufficient heating time, heat could not fully penetrate the phase-change material’s interior. The phase-change material around the central sensor of the heat storage tank began melting slowly, approaching the initial inlet water temperature. Meanwhile, the material around the sensors near the wall of the heat storage tank melted more slowly. The temperature cloud maps suggest that the structural design of the heat storage tank contributes to lower temperatures, particularly near the tank wall, where the highest temperature of 66°C was recorded. The spiral structure of the heat storage tank is insufficient to distribute heat uniformly throughout the entire phase-change material. The melting process of the surrounding phase-change material is evident from the readings of sensors T1, T2, and T3 located at the center of the heat storage tank. With the injection of geothermal water, the temperature of the phase-change material continued to rise until reaching the melting temperature of 77°C. It should be noted that the area of the heat storage tank with the highest heat transfer efficiency is the inlet at the temperature of the water supply. However, the heat transfer process at the wall of the heat storage tank is relatively slow. As shown in Figure 8 three points were selected on the Y-axis to monitor the values of the liquid phase rate at each point along the horizontal direction, which indicates the need to optimize the design of the heat storage tank.
[image: Figure 6]FIGURE 6 | PCM internal temperature cloud map at different times.
[image: Figure 7]FIGURE 7 | Internal liquid phase diagram of PCM at different times.
[image: Figure 8]FIGURE 8 | T1, T2, T3 internal liquid phase diagram of PCM at three points along horizontal distance.
As can be seen from the PCM temperature cloud and the liquid phase rate inside the PCM in Figures 6, 7, the heat transfer of the spiral heat storage tank is completed in about 5 h, and the heat transfer effect is basically in line with the expected results. In the initial stages of heat transfer, the melting process is relatively uniform, but in the middle stages, a distinct phenomenon emerges with faster central heat transfer and slower transfer around the wall. This observed phenomenon is closely tied to the distribution of phase-change heat transfer materials, along with the temperature and flow rate of the supplied water. Towards the conclusion of heat transfer, nearly complete melting is attained, resulting in a uniform temperature distribution that aligns with expected performance and usage standards. Examination of the temperature cloud map and internal liquid phase ratio cloud map suggests an insignificant natural convection effect, attributed to the relatively high viscosity of the phase-change material. This finding implies that the viscosity of the phase-change material is one of the most important factors affecting the significant effect of natural convection.
From the graphs of temperature change and liquid phase rate change, it can be observed that there is a certain inhomogeneity in the melting process of the phase change material. We monitored the changes at the central point at different time points (5,000s, 10,000s, 15,000s, and 20,000s) as shown in Figure 9. The temperature and liquid phase ratio curves exhibited repeated jumps, attributed to faster heat transfer at the central position and slower heat transfer around the periphery. This phenomenon arose due to variations in material properties, such as phase-change temperature, latent heat of phase-change, and thermal conductivity, among different materials during the phase-change process.
[image: Figure 9]FIGURE 9 | Internal temperature map of PCM at different times along the horizontal distance from the central point.
As temperature increase, phase-change materials begin to undergo the melting process. However, different phase-change materials have different phase-change temperatures and latent heat of phase change, so the change in liquid phase rate will vary from material to material at the same temperature. Additionally, the material’s thermal conductivity influences its heat transfer during the phase-change process, leading to varying melting rates.
The non-uniformity in the melting rate frequently leads to an uneven distribution of the liquid phase in specific areas of the material. In certain regions, the material may undergo faster melting, while in other areas, it may persist in a solid state. This disparate distribution of the liquid phase can generate thermal stress within the material, resulting in a deterioration of material performance or changes to the material structure.
Therefore, when researching and applying phase-change materials, the phenomenon of uneven melting rates should be considered, and corresponding measures should be taken to minimize its impact on material performance and application effects. For example, optimizing material composition and preparation processes can enhance phase-change performance and thermal conductivity, achieving a more uniform liquid phase distribution and a more stable phase-change process. Due to the relatively greater distance of the PCM material’s center from the heat source, less thermal energy is transferred to the central position. In contrast, the wall is closer to the heat source, allowing it to receive thermal energy more rapidly. Consequently, within the same timeframe, heat accumulation at the center position of the PCM material may be lower, resulting in a slower melting rate. Meanwhile, the wall, being closer to the heat source, accumulates more heat, leading to a faster melting rate.
Moreover, the melting rate of PCM materials is influenced by their shape and size. Inadequate design in terms of shape and size may result in uneven heat distribution, exacerbating the melting rate disparity between the center and the wall.
To address this issue, measures can be taken to optimize the performance and utilization of PCM materials. For instance, improving the design of PCM materials in terms of shape and size can better adapt them to the distribution and transfer of heat. Additionally, materials with higher thermal conductivity can be added as fillers for PCM materials to enhance their overall thermal conductivity. Simultaneously, when utilizing PCM materials, factors such as their phase-change temperature and thermal performance should be taken into account to effectively control their melting rate and thermal energy storage effect.
4.2 Impact of inlet water temperature on spiral thermal storage tank
Figure 10 presents the inlet and outlet water temperatures for three tests, while Figure 11 illustrates the temperature changes recorded by three sensors positioned at the center of the thermal storage tank for each test. Analyzing variations in supply water temperatures and comparing temperature changes within the mobile thermal storage tank enables the assessment of each test’s impact on the results. Deviations in the heat source’s actual conditions from the design conditions lead to variations in supply water temperatures. Experiment 1 and Experiment 2 recorded maximum inlet water temperatures of 74.8°C and 75.4°C. Experiment 3 achieved a melting temperature closest to the design conditions, reaching a maximum of 77°C. This variance impacted the heat storage capacity of the thermal storage tank.
[image: Figure 10]FIGURE 10 | Three tests of inlet water temperature.
[image: Figure 11]FIGURE 11 | T1, T2, T3 three points monitoring of temperature changes.
4.3 Impact of different phase change material properties on heat transfer process
To compare the heat transfer processes of different phase change materials, we introduced the organic phase change material RT70HC, a type of paraffin, in addition to the existing materials. Additionally, we selected the inorganic phase change material, octahydrate barium hydroxide (Ba(OH)2·8H2O), which operates at medium to low temperatures. Octahydrate barium hydroxide is an inorganic phase change material characterized by high heat capacity and excellent thermal stability, enabling it to absorb and release a substantial amount of heat. This material undergoes phase transition with temperature variations, moving from one state to another, thereby storing or releasing thermal energy.
During the phase change, the heat absorbed by octahydrate barium hydroxide can be used to regulate temperature and maintain stability. This material finds widespread applications in various fields, including building energy conservation, electronic device cooling, renewable energy storage, and aerospace. In the context of building energy conservation, octahydrate barium hydroxide can be employed to manufacture insulation materials, enhancing the thermal performance of buildings. In electronic device cooling, the material can store and gradually release the heat generated during the operation of electronic devices, thereby maintaining stable device temperatures. Concerning renewable energy storage, octahydrate barium hydroxide can store surplus solar energy and release it when needed to power the grid. In summary, octahydrate barium hydroxide is a crucial inorganic phase-change material with vast application prospects. With a melting point of 77°C and significantly lower viscosity than the organic phase-change material RT70HC, assuming the introduction of hot water at 80°C into the experiment, the heat transfer process is simulated and analyzed using Fluent software, with the temperature cloud map presented in Figure 12.
[image: Figure 12]FIGURE 12 | Temperature changes during the melting process of barium hydroxide octahydrate.
From Figure 12, it can be observed that the melting process of the octahydrate barium hydroxide is faster than that of paraffin-based RT70HC, completing the melting process in only about 10,000 s. The melting speed is relatively ideal, significantly reducing the melting time and improving heat transfer efficiency. Additionally, the temperature cloud chart indicates that at the 6,000s mark, the temperature is significantly influenced by natural convection, resulting in the coupling of temperature fields. This suggests that the natural convection process should not be overlooked and is closely related to the viscosity of phase-change materials. At 8,000s into the melting process, the uniform melting heat transfer process on the outer surface of the copper tube intensifies. However, an uneven temperature field also appears, indicating that the number and arrangement of copper tube bundles affect the heat transfer process. By the 10,000s mark, the phase-change material is completely melted, concluding the heat transfer process. The heat transfer rate of the octahydrate barium hydroxide is twice that of paraffin-based RT70HC, but it is significantly affected by natural convection. Therefore, the use of different phase-change materials is a crucial factor in improving the heat storage rate. These results demonstrate that octahydrate barium hydroxide can be used for the recovery of medium to low-temperature waste heat resources, establishing a scientific foundation for the further development of low-temperature waste heat recovery methods and providing theoretical guidance for future engineering designs.
5 CONCLUSION
This paper focuses on a spiral tube heat storage unit filled with the phase-change material RT70HC. Fluent software is used to simulate and analyze the melting conditions of phase-change materials at different water temperatures in a spiral-moving heat storage system. To extend and shorten the heat storage effect, improvements can be made in both the structure of the heat storage tank and the chosen phase-change material. The following conclusions are drawn.
1. There are temperature variations in different parts of the heat storage tank. Specifically, the central portion exhibits more efficient heat transfer compared to the regions near the tank wall. This may be due to design issues with the heat exchanger. Improvements in the heat storage tank structure can include increasing the number of spiral coils on the wall side to enhance heat transfer along the walls. Alternatively, increasing the heat transfer area and depth by adding spiral fins can boost heat storage by 2.5%.
2. To enhance heat transfer, catalysts can be introduced into the RT70HC phase-change material. This enhances its thermal conductivity, resulting in faster and more uniform temperature conduction. Alternatively, adjusting the amount of phase-change material by increasing usage around the wall while reducing it in the central area can enhance heat transfer efficiency by 12%.
3. Using different phase-change materials can improve heat transfer rates and enhance heat storage effects. Barium Hydroxide Octahydrate, an inorganic phase-change material, can elevate heat transfer rates by nearly 50%. Despite its potential research value, it exhibits unstable properties, susceptibility to natural convection, and toxicity concerns. Hence, exploring various phase-change materials is crucial for improving the heat transfer rate of the spiral heat storage tank.
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