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Abstract

:

This paper uses ANSYS Fluent to simulate the heat dissipation of a phase change material (PCM)-based cooling system combined with novel spiral fins for a single battery cell. Compared with a circular fin, a spiral fin with the same contact length can reduce the battery temperature by 0.72 °C, and has a superior temperature uniformity. For the PCM-based system with spiral fins, increasing the spiral width from 2 mm to 8 mm can reduce the battery temperature from 41.27 °C to 39.9 °C. As the number of spiral turns increases from two to eight, the maximum temperature rise of the battery shows a downward trend, and six turns can effectively satisfy the heat dissipation requirements of the battery. With respect to the effect of ambient temperature on the cooling performance, the system with a PCM-spiral fin still exhibits optimal cooling effectiveness compared with the pure PCM and PCM-circular systems.
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1. Introduction


In recent years, the world has encountered serious energy challenges, and electric vehicles (EVs) are considered an effective strategy for solving problems such as fossil fuel energy scarcity and global warming [1,2,3]. Lithium-ion batteries (LIBs), with the advantages of low self-discharge rates, long life cycles, no memory effect and high energy density [4,5,6], are considered to be among the most promising energy storage devices and have been widely used. However, an excessive working temperature for single cells or excessive temperature inhomogeneity for the battery modules aggravates their degradation process, and can even cause thermal runaway [7,8]. Under normal circumstances, the best working temperature range of the LIB is 20∼40 °C, and the temperature lower or higher than that will affect its normal operation [9,10]. Moreover, when the temperature difference among the batteries is greater than 5 °C, the battery energy will be reduced by 2% [11]. In this context, various battery thermal management technologies have been proposed, aiming at strictly controlling the temperature of the battery, so as to effectively avoid heat accumulation in the battery pack and ensure that it can work within an appropriate temperature range [12,13].



At present, common battery thermal management systems (BTMSs) mainly include air cooling [14], liquid cooling [15], PCM cooling [16,17] and composite cooling [18] methods. Since 2000, PCM-based BTMSs have received considerable attention due to their compactness and homogenization temperature capability during the battery charging and discharging processes [19,20]. Among them, paraffin wax is one of the most commonly used PCMs due to its high latent heat, small volume change during phase change, non-flammability, and non-toxicity [21]. Hallaj and Selman [22] initially introduced the PCM for developing the BTMS, and they found that the battery temperature can be reduced by about 8 °C compared with natural convection cooling. Subsequently, scholars made great efforts to investigate the effects of PCM thickness [23], phase change temperature (PCT) [24], viscosity and the latent heat of PCM [25] on the cooling effectiveness of the BTMSs. Recently, Liu et al. [26] even experimentally prepared the mixed PCMs with different PCTs to investigate their cooling performance, and found that the mixed PCM is conditionally superior to the single one, depending on the heat generation of the battery. As a whole, the studies above lay a solid foundation for the efficient utilization of PCM for developing BTMSs.



However, the thermal conductivity of pure PCM is particularly low, which results in a small thickness for effective heat transfer [27]. Therefore, despite the excellent heat storage capacity of PCM, the heat generated by the battery is transferred to the PCM at a very slow heat transfer rate [28,29], which hinders the rate of heat absorption and heat dissipation. In order to address this issue, researchers have attempted to add materials with high thermal conductivity, such as expanded graphite [30], carbon fibers [31] and metal foams [32,33] into the PCM to improve its thermal conductance. Although this method can effectively improve the heat exchange capacity of the system, it will reduce the volume fraction of PCM to a certain extent. In the cases of the metal foam and carbon-based materials, this will pose a short-circuit hazard and leakage risk to the safety of the battery due to their good electrical conductivity. Once the battery is thermally out of control and has caught on fire, these materials are likely to act as combustion accelerants [34]. In order to overcome the above problems, researchers have found that adding fins into the PCM to increase the heat transfer area is another efficient method, which has been widely used in the thermal management of electronic devices due to its high thermal conductivity and simplicity [35,36].



Wang et al. [37] experimentally designed a PCM-fin coupled cooling system for cylindrical batteries, and found that the best cooling performance occurred when using eight rectangular fins, because the heat is rapidly transferred to the PCM near the rectangular fins. Zheng et al. [38] conducted a study based on rectangular fins to study the performance of the system during discharge. It was found that the operating time of batteries with fins is 75%, 68% and 61% longer than that of batteries without fins when the heat output is 10 W, 12.5 W and 15 W, respectively. Fan et al. [39] studied the effect of rectangular fin length and orientation on the continuous heating inside the battery, and found that the heat of the battery was rapidly transferred to the PCM through the embedded metal fins. In addition to the above-mentioned conventional rectangular fins, other shapes of fins have also attracted the attention of researchers. Liu et al. [40] developed a shell-and-tube latent heat energy storage device, which adopted longitudinal triangular fins to enhance the solidification performance of PCM, and the total solidification time was shortened by 38.3% compared with the rectangular fin structure. Skaalum and Groulx [41] compared the effects of branched fins and straight fins on heat transfer performance, and found that branched fins hinder the natural convection process of heat storage under the same volume or mass. Therefore, branched fins transfer less energy than straight fins. Zhao et al. [42] designed a latent heat energy storage device with tree-like fins, where two heat transfer modes were considered, namely metal foam and fins, and the two methods were quantitatively analyzed. The results show that the melting rate of PCM is lower than that of fins in the case of metal foams. Weng et al. [43] studied fins with different branch structures of X, I, V and Y, and the results showed that, compared with other structures, the X-fin reduced the maximum temperature of the battery more effectively due to its large heat dissipation area. Hasse et al. [44] studied the temperature change of a battery filled with paraffin wax PCM to a honeycomb plate (fin), and the experimental results show that the existence of the honeycomb structure reduces the temperature of the heat source. Yang et al. [45] found that a latent heat energy storage device with circular fins showed good potential in improving the heat transfer of PCM. Inserting circular fins in the PCM can reduce the melting time by 65%, mainly due to the significant increases in heat conduction and local natural convection. Recently, Naeim et al. [46] investigated the integration of a thermal control unit (TCU) containing metal fins into a battery and injected PCMs into it, and found that if the number of heat sinks increased from three to five, the temperature of the battery was reduced by 1 °C–1.7 °C. In the literature reviewed above, there is a consensus that the presence of fins can improve the heat dissipation performance of pure PCM. Their results are further tabulated in Table 1 for the sake of convenience.



It was also found that rectangular and circular fins are the main configurations investigated in the literature. Rectangular fins have a favorable influence on the heat dissipation of air convection, while circular ones have a stronger heat conduction ability in PCM due to their larger heat transfer area [20]. However, it should be noted that due to the distribution and shape limitations of the fins, there is still local overheating, which affects the thermal uniformity of the battery. Inspired by the annular fin, a more uniform fin structure, i.e., a spiral-shaped one, is introduced to the PCM-based BTMS to improve its heat dissipation performance. It combines the advantages of the uniform heat dissipation of rectangular fins and the large heat dissipation area of circular fins, which can notably improve the cooling effectiveness of the system. With reference to the work by Sun et al. [47], the current model is composed of 8 mm thickness PCM (paraffin wax), aluminum alloy fins and an acrylic container. Using ANSYS Fluent software, the BTMS with spiral fins was carefully compared with the one with annular fins, and the effects of the width and number of turns of the spiral fins on heat dissipation were also numerically examined.




2. Numerical Modelling


2.1. Physical Model


This study involves three physical models, namely single battery (Figure 1a), pure PCM + single battery (Figure 1b), and PCM + fin + battery (Figure 1c), which mainly consists of 18650-type cylindrical battery, aluminum alloy fin, PCM and acrylic shell. A cylindrical electric heater (18 mm in diameter, 65 mm in height) was used to simulate the battery. The thickness of the PCM was fixed as 8 mm, which was experimentally demonstrated to be the optimal heat dissipation condition according to the work by Sun et al. [47]. The cylindrical container shell for the single battery system has an inner diameter of 34 mm and a height of 65 mm. The battery is arranged in the middle of the container, the fin closely clings to the battery and the empty space is filled with PCM. In current study, commercial solid–solid PCM was used, the main component of which is paraffin wax. The 7075-aluminum alloy was used as the fin with a fixed thickness of 0.5 mm [38]. The typical parameters of the used battery cell, PCM, fin and acrylic container are specified in Table 2.




2.2. Assumptions and Governing Equations


In this study, the computational domain that needed to be simulated included the non-metallic shell, PCM, fins and the battery cell. An enthalpy-porosity-based approach was employed, in which the porous region was used to represent a solid fuzzy region with a liquid fraction equal to the porosity [48]. To simplify the numerical simulation, the following assumptions were considered [49,50,51]:




	
The physical properties of various materials inside the battery are consistent and isotropic.



	
Joule heat is the main source of heat produced by batteries, ignoring the effect of reversible entropy heat generation.



	
The thermal conductivity and specific heat capacity of the single battery and various performance parameters of the battery will not change due to changes in battery temperature and residual state of charge (SOC).



	
The heat generation inside the battery is uniform.



	
The solid and liquid phases of the PCM are homogeneous and isotropic.



	
The density of the PCM is approximately determined by Boussinesq, and other thermophysical properties are constant and uniform. The Boussinesq model will take into account buoyancy during natural convection.



	
The gravitational acceleration is constant 9.81 m/s2 in the negative Z-axis direction.



	
Based on these assumptions, the governing equations are as follows:



	
The energy equation for the battery can be expressed as [52]










   ∂  ∂ t     ρ  c p  T   = 𝛻 ·   k 𝛻 T   +  Q  g e n   −  Q  s k i n    



(1)




where    Q  g e n     is the volumetric heat generation rate of the LIB, and    Q  s k i n     is the rate of heat dissipation from the battery surface per unit volume.



The energy equation for the fins and shell is


  ρ  C p    ∂ T   ∂ t   = 𝛻   k 𝛻 T    



(2)




where  ρ  is density, T is temperature, t is time,    C p    is specific heat and  k  is thermal conductivity.



To accurately simulate the melting of PCM, this work uses the enthalpy-porosity method, where the liquid fraction represents the proportion of PCM undergoing phase change. In each cycle, the PCM domain, the mushy region, i.e., the space between the solid and the liquid, is determined according to the enthalpy balance, and this part is classified as the porous region. In the simulation, the thermophysical properties of the PCM, such as thermal conductivity, viscosity and specific heat, were treated as constants. When a sufficient amount of PCM melts into the liquid, natural convection may dominate during heat transfer. In the momentum equation, the effects of natural convection are approximated using Boussinesq [53].



The heat transfer inside the PCM is divided into specific heat and latent heat, which are controlled by the following formulas [54].



The energy equation for PCM is


   ρ  p c m     ∂  H  p c m     ∂  T  p c m     =  k  p c m    𝛻 2   T  p c m    



(3)







The expression for the enthalpy of PCM is


   H  p c m   = h s + Δ  H  p c m    



(4)






  h s =   ∫    T 0     T  p c m      C  p , p c m   d T  



(5)







The expression for the melting of PCM within a certain range is


  Δ  H  p c m   = β γ  



(6)






  β =       0                      T  p c m   <  T S           T  p c m   −  T S     T L  −  T S                     T s  <  T  p c m   <  T L          1                      T  p c m   >  T L         



(7)




where   Δ H   and H are the latent heat content and enthalpy, respectively, h is sensible heat,  β  is coefficient of thermal expansion and  γ  is specific latent heat.




2.3. Boundary Conditions and Calculation Steps


The initial temperature of the system was 298.15 K. According to the heat production results of Ref. [55], the heat production rates of 10,447.00 W/m3, 41,788.37 W/m3 and 94023.84 W/m3 were determined at the current rates of 1 C, 2 C and 3 C. The natural convection between the shell and air was set as constant with a heat transfer coefficient of 5.7 W/m2K [55]. The bottom of the system was insulated, and the top and sides were subject to natural convection [43].



The 3D numerical simulation in this work was achieved using the commercial CFD software ANSYS 2021R1 Fluent. Before that step, SolidWorks software was used to build the physical models, and CFD ICEM software was used to generate meshes. Finite volume-based numerical simulations were developed to solve the governing Equations (1)–(7). The pressure-based solver was used to solve the continuity and momentum equations in the phase transition process. The change of PCM density was almost negligible. The solving procedure used the default solidification and melting model, SIMPLEC algorithm for pressure–velocity coupling, and pressure correction equation PRESTO!. In addition, the discrete energy and momentum equations used second-order upwind, and the under-relaxation factor remained the default.




2.4. Grid Independence Test


The size of the grid and the time step are the two main factors that affect the error of the result. Therefore, in order to ensure the accuracy of the numerical results and calculate the optimal time step and grid size, a grid independence test was conducted for the model with 0.5-mm-thick and 4-turn fins, and the grid numbers of 350,000, 650,000 and 960,000 were tested, as shown in Figure 2a. The result was the temperature of point b on the battery surface at a discharge rate of 3 C. When the number of grids decreases from 960,000 to 350,000, the maximum difference in battery surface temperature is only 0.27%, which means that the number of grids of 350,000 meets the calculated requirements. Since the melting of PCM is a time-varying process, a small time step is usually required to obtain accurate results [38]. The test results for time steps of 0.25 s, 0.5 s and 0.75 s are shown in Figure 2b, where slight differences among them can be observed. Since 0.25 s would result in a very long calculation time, the time step of 0.5 s was used in current study.




2.5. Model Validation


In order to compare and verify with the experimental results of Weng et al. [43], this paper was developed according to the following experimental conditions. In the experiment, the battery model was an 18,650 cylindrical LIB, and there were four circular fins with widths of 8 mm and thicknesses of 0.5 mm. The thickness of the PCM was the same as the width of the fins, and the thickness of the shell was 2 mm. The temperature rise process of the battery (point b) under the 2 C discharge rate was measured experimentally, and the physical model simulated in this paper was designed according to these working conditions, and then compared with the experimental results in the literature. The verification results for the temperatures of the battery and PCM are plotted in Figure 3. The results show that the simulated data is basically consistent with the experiment, and the maximum temperature difference between them is 0.86 °C. The error rate, expressed as      T  s i m   −  T  e x p     /  T  e x p     (   T  e x p     and    T  s i m    ) denoting the temperature data obtained by the experiment and simulation, respectively, does not exceed 0.28%. This verifies that the model in this work can simulate the thermal characteristics of lithium batteries and can therefore be further used.





3. Results


3.1. The Effectiveness of Pure PCM


The role of PCM in the battery cooling system was investigated through a comparison with the adiabatic conditions, as shown in Figure 4, which displays the simulated results based on the single-battery cooling system in Figure 1a. Under adiabatic conditions, for a 1 C discharge rate, the maximum temperature of the battery surface is only 32.3 °C, much lower than 40 °C, while those for 2 C and 3 C discharge rates are 53.03 °C and 82.9 °C, respectively, far exceeding the safe operating temperature range. Thus, an effective BTMS is required to cool the battery. The battery temperatures under different discharge rates are simulated for cases with pure PCM as the cooling medium. It can be observed that the PCM can alleviate the temperature rise of the battery. At a 2 C discharge rate, the battery temperature is reduced by 53.3% ((53.03–38.1)/53.03 = 53.3%), while that at 3 C is about 48.7% ((82.9–42.5)/82.9 = 48.7%), and the maximum temperature still exceeds 40 °C. In practical use, the charge–discharge rate may be higher than 3 C, and the heat generated at higher charging rates may not be absorbed efficiently due to the limited energy storage capacity and low thermal conductivity of PCM [20]. If the heat accumulated at a high charge–discharge rate cannot be dissipated effectively, it will cause the failure of the BTMS. From this point of view, pure PCM is obviously not enough to meet the requirements of effective heat dissipation. In this case, the metal heat sinks can greatly extend the thermal boundary, allowing the heat source to penetrate the PCM, thereby enhancing the heat transfer efficiency of the system.




3.2. Comparison of Circular and Spiral Fins


Here, the cooling system with four circular fins (0.5 mm thickness) is selected as a baseline for comparison. In order to guarantee the reliability of the comparison results, the contact length between the spiral fin and the battery is maintained to be consistent with the circular fin case, i.e., the spiral length, calculated as         π d    2  +  s 2      ( d  is the diameter of the battery;  s  is the pitch of the spiral), is equivalent to four rings (about 226.08 mm), which is about 3.88 turns for the spiral fin. At a 3 C discharge rate, the maximum temperatures of the battery for the two comparative cases are shown in Figure 5, where the improvement effect of the spiral fin can be clearly observed. Specifically, the maximum temperature rise and temperature difference of the battery cooling system with circular fins are 15.76 °C and 2.2 °C, respectively, and these values for spiral fins are 15.04 °C and 1.83 °C. During the discharging process, the maximum temperature difference between the two cases even approaches about 1.95 °C in the range of 700∼800 s. This implies that the spiral fin can alleviate the rapid temperature rise and temperature inhomogeneity of the battery, ensuring its durability and thermal safety. This may be due to the special advantages of the spiral fin with its evenly distributed structure, which can efficiently match with PCM to present better cooling performance. It can also be noted that the temperature differences for the two fins exhibit a sharp decrease in the later stage, which is mainly due to the fact that the rise of the maximum temperature of the battery slows down, and thus, the temperature difference correspondingly decreases. In contrast, however, the temperature difference of circular fins is not as smooth as that of spiral fins, which further proves its instability.



According to the temperature cloud diagram in Figure 6, the battery temperature exhibits a gradually increasing trend from top to bottom, which is attributed to the presupposed boundary conditions of the natural convection at the top of the battery and the insulation at the bottom. The results also show that the maximum temperature for the circular fins still exceeds 40 °C, and, especially, that the heat dissipation capacity of the circular fins at the bottom of the battery is rather limited. As it is constrained by the shape of the circular fins, even if the heat of the battery can be dissipated through the fin, it is still concentrated in the vicinity of the fin, and the area away from it cannot be sufficiently balanced. In contrast, the cooling system with the spiral fin shows better uniformity due to its evenly distributed structure, which effectually addresses the issue of local heat accumulation to a certain extent, making the temperature distribution of the entire battery more uniform. Furthermore, the maximum battery temperature for the spiral fins can be maintained at no higher than 40 °C, effectively improving the cooling performance of the system.




3.3. Influence of the Width of the Spiral Fin


As mentioned previously, the fins create new heat conduction channels within the PCM, enhancing the heat transfer process, while the spiral fin makes the heat conduction network more uniform. In order to determine the optimal dimension of the spiral fin, four spiral turns are maintained constant to investigate the effect of the width of the spiral fin. The histories of the maximum temperature of the battery (at a discharge rate of 3 C) under different fin widths (2, 4, 6 and 8 mm) are simulated and plotted in Figure 7a. Previous work has demonstrated that the battery temperature decreases with increasing fin width, while the temperature uniformity of the battery increases with the increase of fin width [16]. Due to the high thermal conductivity of the fin, the heat of the battery can be transferred efficiently from the core area of the battery to the outer boundary of the battery module through the fin, and the surrounding PCM cools the battery by absorbing the heat transferred by the fin. This indicates that increasing the width of the fin can effectively improve the thermal management performance of the system [53]. Compared with the pure PCM system, the maximum temperatures for the four fin widths can be reduced by about 4.0%, 8.3%, 11.9% and 14.2%, respectively. For a narrower spiral fin, the PCM cannot properly absorb the heat of the battery. In order to effectively utilize the PCM at the periphery of the module in terms of latent heat storage, a wider fin is more suitable for this system. Similar work has also been conducted by Zheng et al. [38], who numerically investigated the influence of three rectangular fin widths (2.5, 5.0 and 7.5 mm) on battery temperature, and found that the battery temperature decreased by 6.09%, 9.52% and 11.74%, respectively, under the three widths compared with the case without fins. By contrast, the spiral fin in the current study exhibits a better cooling improvement effect.



Figure 7b shows the temperature difference of the battery under different widths. It shows that the temperature difference of the battery decreases from 1.98 °C to 1.48 °C with the fin width ranging from 2∼8 mm, indicating that increasing the fin width can improve the temperature uniformity of the battery. The temperature nephogram in Figure 8 shows that the temperature gradually decreases in the radial direction. Due to the poor thermal conductivity of the PCM, the area without a fin exhibits an apparent temperature gradient, while that with a fin can better transfer heat to the surrounding PCM. Moreover, the wider fin allows for a larger contact area between the fin and the PCM, for which the PCM can be more fully utilized, especially the peripheral PCM in the system. Therefore, by continuously optimizing the fin, the heat generated in the battery can be transferred to a place farther away from the battery, and quickly absorbed by the PCM.




3.4. Influence of the Number of Spiral Turns


To further enhance the performance of the system, the effect of the number of fin turns was also investigated. Figure 9a depicts the maximum temperature rise of the battery for the spiral fins with the number of turns being two (2 T), four (4 T), six (6 T) and eight (8 T), where the fin width and battery discharge rate are fixed at 8 mm and 3 C, respectively. With the increase in the number of turns, the maximum battery temperature decreases from 40.88 °C to 39.28 °C, which can be maintained in a safe operating temperature range. When the number of fin turns increases from 2 T to 6 T, the maximum battery temperature drops significantly, while the difference between 6 T and 8 T is rather small, with an insignificant improvement of about 0.22 °C (from 39.5 °C to 39.28 °C). In effect, although the thermal conductivity of the system is improved by increasing the number of turns, it should be noted that in the limited battery cooling system, a continuous increase in the number of fins will occupy too much space, accordingly resulting in a decrease in the amount of PCM. This will attenuate the energy storage capacity of the PCM; thus, the excessive fins may not always play a positive role in enhancing cooling effectiveness [56]. Therefore, the number of fin turns should be optimized to obtain the maximum heat storage capacity and heat dissipation capability at the same time. The temperature differences under different fin turns are depicted in Figure 9b, where the temperature uniformity of the battery is also improved with the increasing fin turns, but to a very limited extent.



The temperature cloud diagrams under different fin turns are depicted in Figure 10, where the entire heat conduction network is extended, i.e., the effective heat transfer area is increased with the increasing number of fin turns. Therefore, the battery temperature is better controlled, and the temperature of the bottom is more uniform. On the whole, the spiral fin with 6 T may be the optimal choice in the current study.




3.5. Influence of Ambient Temperature


The power battery can be used in different seasons, which requires the BTMS to stably exert its heat dissipation performance under different ambient temperatures. Therefore, it is necessary to analyze the impact of ambient temperature on the cooling performance of the system. The previous work in this paper was based on the simulation of the ambient temperature of 25 °C, so the heat dissipation of the system was also studied when the ambient temperature was 20 °C, 30 °C and 40 °C. Figure 11 shows the comparison of the maximum temperature rise of the battery in pure PCM, PCM-spiral and PCM-circular systems at different ambient temperatures. The maximum temperature rise of the system increases with the increase in the ambient temperature. For the PCM-based BTMS, the PCM will absorb more heat from the higher ambient temperature, thereby reducing the energy storage capacity [39]. When the ambient temperature rises from 20 °C to 40 °C, the maximum temperature rise of the battery under the pure PCM system rises from 17.05 °C to 18.43 °C, while those of the PCM-spiral and PCM-circular systems range from 13.27∼15.72 °C and 14.22∼16.27 °C, respectively. Compared with the pure PCM system, the maximum temperature rise of the PCM-spiral optimized system decreases by 3.78 °C, 2.74 °C and 2.71 °C, respectively. Compared with the PCM-circular system, it decreases by 0.95 °C, 0.41 °C and 0.55 °C, respectively. In summary, the PCM-plus-spiral-fin system still has significant advantages in high-temperature environments.





4. Conclusions


In this paper, a numerical study of a battery cooling system with a combination of PCM and a novel spiral fin was conducted. The optimal fin width and fin turn number were simulated and analyzed, and the effect of ambient temperature on the cooling effectiveness of the system was also investigated. The major findings are summarized as follows:




	1.

	
Compared with circular fins, a spiral fin of the same line length can reduce the maximum temperature of the battery by 0.72 °C. The most important point is that the spiral fin showed a greater advantage in improving the temperature uniformity of the battery, which made the temperature difference decrease by 16.8%.




	2.

	
Compared with the finless system, when the width of the spiral fin was 2, 4, 6 and 8 mm, the maximum temperature of the battery decreased by 4%, 8.3%, 11.9% and 14.2%, respectively.




	3.

	
When the number of turns of the fin increased from 2 T to 8 T, the maximum temperature of the battery decreased from 40.88 °C to 39.28 °C. Moreover, when the number of turns increased from 6 T to 8 T, the temperature drop was no longer obvious, being only 0.22 °C.




	4.

	
When the ambient temperature was 20 °C, 30 °C and 40 °C, the maximum temperature rise of the PCM-spiral optimization system decreased by 3.78 °C, 2.74 °C and 2.71 °C, respectively, compared with the pure PCM system, and by 0.95 °C, 0.41 °C and 0.55 °C, respectively, compared with the PCM-circular system. This shows that the PCM-spiral fin system has certain advantages even in a high-temperature environment.
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Figure 1. (a) Single battery; (b) pure PCM + single battery; (c) PCM + fin + single battery. 
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Figure 2. (a) Grid independence test and (b) optimal time step. 
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Figure 3. Model validation. 






Figure 3. Model validation.



[image: Energies 15 08847 g003]







[image: Energies 15 08847 g004 550] 





Figure 4. Battery temperature in the case of adiabatic conditions and cooling with PCM. 
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Figure 5. The evolution of temperature and temperature difference of two PCM-fin systems with circular and spiral fins. 
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Figure 6. Temperature cloud diagrams of two kinds of PCM-fin systems: (a) spiral fins and (b) circular fins. 
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Figure 7. (a) The maximum temperature rise and (b) temperature difference of battery with different fin widths. 
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Figure 8. Temperature cloud diagram of cross section of battery with different fin widths: (a) 2 mm; (b) 4 mm; (c) 6 mm; (d) 8 mm. 
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Figure 9. (a) Maximum battery temperature rise and (b) temperature difference of battery with different fin turns. 
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Figure 10. Temperature cloud diagram under different numbers of fin turns: (a) 2 T; (b) 4 T; (c) 6 T; (d) 8 T. 
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Figure 11. Maximum battery temperature rise for all three systems. 
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Table 1. A review of research on various fin shapes.
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	Refs.
	Fin Shape
	Major Findings





	[37]
	rectangular
	Eight rectangular fins present the best cooling performance.



	[38]
	rectangular
	When the heat production is 15 W, the working time with fins is 61% longer than that without fins.



	[39]
	rectangular
	The length and direction of the fin have an effect on heat dissipation, and the heat is quickly transferred to the PCM through the embedded fin.



	[40]
	longitudinal triangular
	The total solidification time of PCM is 38.3% shorter than that of rectangular finned structure.



	[41]
	branched
	Branching fins impede the natural convection process of heat storage.



	[42]
	tree-like
	In the case of foam metal, the melting rate of PCM is lower than that of fin.



	[43]
	X, I, V, Y-shaped
	The X-shaped fin reduces the maximum temperature of the battery more effectively due to the large heat dissipation area.



	[44]
	honeycomb plate
	The presence of the honeycomb structure reduces the temperature of the heat source.



	[45]
	circular
	The insertion of circular fins into the PCM can reduce the melting time by 65%.



	[46]
	circular
	The number of fins is increased from 3 to 5, and the temperature of the battery is reduced by 1–1.7 °C.










[image: Table] 





Table 2. Typical parameters of battery, PCM, fin and container [38].






Table 2. Typical parameters of battery, PCM, fin and container [38].













	Parameter
	Unit
	Battery
	PCM
	Fin
	Acrylic





	Size/thickness
	mm
	18 × 65
	-
	0.5
	2



	Density
	kg/m3
	2720
	820
	2719
	1215



	Heat capacity
	J/(kg·K)
	300
	2000
	896
	1300



	Coefficient of thermal conductivity
	W/(m·K)
	3
	0.2
	202.4
	0.17



	Dynamic viscosity
	kg/m·s
	-
	0.02
	-
	-



	Coefficient of thermal expansion
	K−1
	-
	0.0001
	-
	-



	Heat of fusion
	J/kg
	-
	165,000
	-
	-



	Temperature of the solid phase
	K
	-
	311.15
	-
	-



	Temperature of the liquid phase
	K
	-
	316.15
	-
	-



	Nominal capacity
	Ah
	2.4
	
	
	



	Nominal voltage
	V
	3.6
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