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Abstract

:

The lithium-ion battery is considered the primary power supply source for electric vehicles due to its high-energy density, long lifespan, and no memory effect. Its performance and safety highly depend on its operating temperature. Therefore, a battery thermal management system is necessary to ensure an electric vehicle (EV)’s performance. Air as a cooling medium is still used in a wide range of thermal management system applications, owing to its low-cost and lightweight. However, the conventional air-based cooling strategy shows an insufficient heat dissipation capacity and usually fails to block the thermal runaway propagation between batteries. Thus, it is of great importance for improving the heat dissipation of an air-based thermal management system. In this paper, three novel schemes (schemes B, C, and D) are introduced successively based on enhancing the heat transfer capacity and safety of a battery pack under a thermal runaway condition. Schemes B and C introduce a hollow spoiler prism and a spoiler prism filled with phase-change material with fins, respectively. The cooling effects of the three schemes are compared using computational fluid dynamics technology. The models of all the schemes are 3D symmetrical structures. In the CFD model, the battery heat-generating sub-model is incorporated through a user-defined function. The results indicate that all three schemes reduce the maximum temperature and the maximum temperature difference in the pack effectively compared with the conventional air cooling system. Scheme D presents the best cooling performance and hinders the propagation of the TR between adjacent batteries under a TR condition. The paper may provide a feasible method for improving the performance of an air-cooled thermal battery management system.
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1. Introduction


Under the background that the world is promoting the process of carbon peaking and carbon neutrality goals, the market share of electric vehicles (EVs) will irreversibly rise dramatically [1]. Batteries are considered one of the essential components of EVs. The lithium-ion (li-ion) battery is popularly used in EVs to date, owing to its feature of high-energy density, long lifespan, and no memory effect [2,3]. Usually, batteries form as modules first, then several modules form a pack. One pack is directly for one EV, and several packs might form a system for home or grid energy storage units. Batteries will generate heat when charging and discharging. When the heat is incapable of being timely carried from the batteries, the temperature will increase rapidly. The high temperature affects the battery performance and lifespan, and the local high temperature raises the temperature difference in the battery packs, which shortens the service life. Moreover, the accumulation of heat in one battery may trigger a series of exothermic chemical reactions, leading to an express increase in temperature and even thermal runaway (TR) [4]. When one of the batteries in the pack triggers a TR, if effective insulation cannot be carried out between the batteries, resulting in the propagation to other batteries, it will cause serious consequences. Therefore, battery thermal managements systems (BTMSs) are required to dissipate the heat from the battery in time [5].



In the last decades, several types of BTMSs have been developed. Depending on the type of cooling medium, BTMSs can be categorized into four primary categories: an air cooling system (ACS) [6], a liquid cooling system [7], a phase-change-material (PCM) cooling system [8], and a heat pipe cooling system [9]. ACSs are widely applied for light-duty EVs equipped with small-scale battery packs, owing to its simple structure, light weight, and affordable price. However, an ACS usually fails to meet the heat dissipation requirement for heavy-duty EVs owing to the low convective heat transfer coefficient of air. An ACS is also accompanied by the issue of large temperature no-uniformity in the battery pack [10]. Furthermore, an ACS makes it difficult to prevent TR propagation. Many previous ACSs in the literature mainly focused on enhancing the heat transfer and reducing the energy consumption by increasing the turbulence and adjusting the battery layouts [11]. Park et al. [12] carried out a computational fluid dynamics (CFD) model to study the effects of battery layout on the cooling performance and energy consumption of an air-based BTMS. Kausthubharam et al. [13] numerically studied the performance of a forced ACS consisting of 36 batteries. The results illustrated that a forced ACS lowered the maximum temperature (Tmax) substantially, whereas it raised the temperature inhomogeneity. In addition, raising the inlet air velocity decreased the Tmax. In Li et al. [14], through experiments on the addition of silicon cooling plates and copper mesh on both sides of the bag pool battery, the results of the study showed that the protocol enhanced the heat transfer capacity of an air-based BTMS. In addition, the experiment also analyzed the effects of the wind speed, inlet position, and number of fans on heat transfer. Wang et al. [11] obtained the database of the uneven battery distances in the two directions in a pack between the performance of an ACS BTMS (Tmax and energy consumption) through a numerical simulation. Then, they established the relationship between the distance and performance through a BP neural network and optimized the distance. The performance after optimization was improved significantly. Liu et al. [15] proposed a novel J-type air-based battery thermal management system, taking advantage of a newly developed battery electrothermal model, and the grouped-channel optimizations were performed using surrogate-based optimization. The optimal results showed that there was a 31.18% reduction in the temperature rise for the J-type. Although the air-based BTMS has the dominant benefits mentioned above, the low convective heat transfer coefficient of air may make it difficult to meet the heat dissipation requirement. Furthermore, there have been few studies on using an ACS BTMS to prevent the TR propagation.



Nowadays, the liquid cooling technology is mainly chosen as the cooling technology for medium and high-end EV industrial applications. Liquid coolant has a relatively higher thermal conductivity and heat capacity, resulting in dissipating more heat under the same energy consumption, and is more appropriate for high-current or large-scale battery packs. Sheng et al. [16] proposed the structure of a liquid cooling fluid channel through numerical simulation and analyzed the influence of the channel size and cooling medium on the temperature distribution of a battery pack that consisted of 21,700 cylindrical batteries. The temperature rise and the temperature difference were, respectively, within 40 K and 5 K in the whole designed channel dimensions and cooling medium. For a liquid cooling BTMS, the current studies focused on improving the performance by developing the flow-channel layout and improving the thermal performance of the cooling liquid. The main drawback of a liquid cooling BTMS is that the structure tends to be complex and may be accompanied by a risk of leakage. Liquid cooling will also make extra weight for a pump and pipe connection, have high maintenance, and a high initial manufacturing cost [17]. In addition, due to the pressure of the entire cooling system, it will lead to an increase in energy consumption [2].



A BTMS using a PCM is one of the current research hotspots, which is on account of the highly absorbing massive heat when melting the PCM over a narrow temperature range. It decreases the Tmax and is cost-effective and reliable. Hallaj et al. [18] carried out the research on a BTMS based on a PCM. It was found that the PCM significantly enhanced the temperature distribution in the pack during various discharge rates. Yan et al. [19] pointed out that the cooling capacity of the PCM system was better than that of the ACS system, especially when the discharge rate was relatively high. However, the PCM can only absorb heat passively. Thus, in some extreme conditions, available latent heat depletion may result in BTMS failure [20]. Considering the tradeoff between the capital cost for the PCM, fan power requirement, and variability in the heat rejection rate, the optimal quantity of the PCM and the maximum air velocity for the maximum current density of 260 mA/cm2 (0.55 C-rate) were found to be 0.74 g/Wh and 3 m/s, respectively [21]. In addition, the thermal conductivity of PCMs tends to be low, which limits the commercial application of such a BTMS. At present, PCM is mainly in the laboratory stage. Some researchers suggested that the thermal conductivity of a PCM was able to be raised by combining with fins. Indicated in the article [22], the enhancement method, such as attaching fins on the surface of battery cells, is adopted in a PCM-based BTMS, enhancing the heat transfer due to the larger contact area. Ping et al. [23] designed a novel structure combing a PCM with fins to improve the BTMS performance. The BTMS of the LiFePO4 battery pack aimed to reduce the maximum temperature and improve the temperature uniformity in a high-temperature environment (40 °C). It found that the PCM with fins significantly decreased the Tmax and enhanced the temperature uniformity under a relatively high temperature condition. Jay R. Patel et al. [24] proposed that the low thermal conductivity of a PCM can be solved by increasing the surface area of the metal fins. Sun et al. [25] presented a novel BTMS which introduced longitudinal fins and cylindrical rings around the PCM. It was indicated that the novel BTMS exhibited a better performance compared with the pure PCM BTMS. In a word, the introduction of fins in the BTMS system is a very good scheme. The fins play a good role in the heat dissipation performance of the BTMS system, so the fins are introduced in this article to study the effect of the fins on the BMTS system.



The heat pipe is an innovative and efficient heat exchanger that can be cooled without an external power supply. In recent years, the research on heat pipes in BTMSs is increasing. Yi et al. [26] applied heat pipes to control the battery pack temperature. The results indicated that the Tmax was 313.15 K. The maximum temperature differences were 5 K. However, the heat pipe cooling system requires a heat sink and is usually combined with other cooling methods.



To compensate for the drawbacks of a single cooling system, BTMSs with two or more cooling methods have been reported in the last decades [27], a so called hybrid BTMS. Although increasing the costs and weight, this kind of BTMS considerably increases the temperature uniformity and significantly reduces the maximum temperature rise, because a hybrid BTMS benefits from the merits of different cooling methods. Ling et al. [28] studied the time-varying temperature profiles of a hybrid BTMS combined with a PCM and ACS cooling. It is indicated that the BTMS successfully decelerated the temperature rise, and the Tmax was below 323.15 K in all cases. Kizilel et al. [29] carried out a hybrid BTMS combined with an ACS with a composite PCM. It was found that the PCM assisted with the heat removal and helped in lowering the cell temperature with more cell-to-cell temperature uniformity. Wu et al. [30] studied the thermal behavior of lithium-ion batteries under natural convection conditions, forced convection, and heat pipe battery cooling systems by differentiating the state of charge and discharge current when discharging. They argue that forced convection has a higher cooling performance than natural convection, with the disadvantage of causing uneven temperature distribution, but their results show that the method of heat pipe cooling reduces the temperature by 32 °C, and its temperature distribution is very uniform. Ling et al. [28] compared PCM-only systems and systems that integrated PCM with forced-air convection cooling to the BTM performance. They used a battery pack surrounded by an RT44HC/expanded graphite (EG) composite with an appropriate melting temperature and high specific enthalpy, with five cells arranged in series and four parallel rows of 20 cylindrical lithium-ion batteries. According to their findings, the Tmax of the battery pack using only PCM exceeded 60 °C in two cycles. In systems with the PCM and forced convection air cooling, the package’s Tmax was successfully controlled below 50 °C in all cycles, even when the air temperature rises by 7 °C. Hemery et al. [31] developed a PCM-based BTM with an active liquid cooling system to cure the molten PCM. They built the system by installing two cooling plates with water circulation on the top and bottom of an aluminum can containing a PCM and replacing the batteries with an electric heater. Through the solidification test, the battery was quickly charged at a rate of 2C after three drive cycles, the water temperature remained unchanged at 22 °C, and the PCM was successfully cured. Although active cooling increases the complexity, the hybrid system had better thermal management capabilities, especially in harsh environments [32]. Hybrid BTMSs are still in the laboratory stage, and the amount of research on this kind of BTMS is increasing.



In this paper, three novel scheme (named scheme B, scheme C, and scheme D) BTMSs are proposed to improve the heat transfer of a conventional ACS. Scheme B introduces hollow spoiler prisms, scheme C adds PCM to a hollow spoiler prism, and scheme D introduces fins on the basis of scheme C. The cooling performances of the three improved schemes and a conventional ACS are compared by numerical simulation, using commercial computational fluid dynamics (CFD) software (Ansys-FLUENT). Their performance in preventing TR propagation is also analyzed. The paper may be conducive to the improvement of ACS.




2. Numerical Computation Methodology


2.1. Computational Domain and Boundary Conditions


In present study, the battery pack consists of several rows of 18,650 batteries. Each row contains four batteries. The battery thermophysical parameters are displayed in Table 1 [33].



As shown in Figure 1, Figure 2, Figure 3 and Figure 4, one of the rows is considered as the computational domain due to symmetrical geometry. For convenience, the batteries from the entrance to the exit are named 1, 2, 3, and 4, respectively. For the benchmark (shown in Figure 1 and Figure 4) scheme A, the BTMS was only equipped with ACS. An improved scheme with hollow prism structures to enhance turbulence was designed as scheme B (shown in Figure 2). Filling up PCM to the hollow prisms in scheme B was designed as scheme C (also shown in Figure 2). In terms of scheme D, the aluminum fins were installed on both sides of the prism to enhance heat transfer, based on scheme C (shown in Figure 3). All of the schemes did not increase the volume of the BTMS or add additional power equips, such as pumps or fans. The commercial CFD code, ANSYS-Fluent, is applied to evaluate the performance of BTMSs with four schemes [34]. The computational domain of scheme A is Illustratively given in Figure 1 and Figure 4. The length and width of the computational domain are 104 mm and 26 mm, respectively. The center distance between the two adjacent batteries is 26 mm. For schemes B, C, and D, the diagonal lengths (Dx and Dy) of the prism are 12 mm, as shown in Figure 2 and Figure 3. As for scheme D, the thickness of the aluminum fins is 0.2 mm, and the height is the same as that of battery (65 mm). The influences of fin height L on heat dissipation performance will be analyzed.



The settings for the boundary conditions are shown in Table 2. Six faces form the computational domain, specially (1) inlet, (2) outlet, (3) bottom, (4) top, (5) side 1, (6) side 2. The inlet and outlet are set as the velocity inlet and the pressure outlet, respectively. The top and bottom are defined as walls. Side 1 and side 2 are defined as impermeable symmetry boundaries. In addition, the interfaces between batteries and fluid are defined as coupled walls. The initial temperature is the same as the ambient temperature (300 K).




2.2. CFD Model


In ANSYS-Fluent, the governing equations were discrete by the finite volume method, including the continuity, momentum, and energy equations. For the cooling air, these equations are expressed as:



Continuity equation:


  ρ a  (   ∂  ∂ t   + ∇  ν →   )  = 0 ,  



(1)







Momentum equation:


    ∂  (  ρ a  ν →   )    ∂ t   + ∇  (  ρ a  ν →   ν →   )  = − ∇ P a ,  



(2)







Energy equation:


    ∂  (  ρ a C p a T a  )    ∂ t   + ∇ ⋅  (  ρ a C p a  ν →  T a  )  = ∇ ⋅  (  K a ∇ T a  )  ,  



(3)







For the battery cell, the energy governing equation is given by:


  ρ b C p b   ∂ T   ∂ t   = ∇ ⋅  (  K b ∇ T  )  + q ,  



(4)




where ρ, Cp, T, P, K, and q denote the density, specific heat, temperature, pressure, heat conductivity coefficient, the heat generation rate per unit volume of the battery, respectively. The subscripts a and b represent the air and battery cells, respectively.



A battery is regarded as uniform a heat source. The heat generation rate per unit volume is expressed as [35]:


  q =  1 V   [   I 2   R e  − I T   ∂  U  O C V     ∂ T    ]  ,  



(5)




where V is the volume of the battery; I is the current flowing through the battery; Re is the total internal resistance of the battery, including the ohmic resistance and the polarization internal resistance of the battery; T is the temperature; UOCV represents the open-circuit voltage;     ∂  U  O C V     ∂ T     is the entropy heat coefficient. The heat generation model is defined as an energy source term incorporated into CFD simulation using a user-defined function (UDF).



The standard k-ε model is selected which has been widely validated in modeling general low-speed and low-pressure flow around obstacles [36,37,38,39]. The k−ε turbulence model includes two equations [40] for the turbulent kinetic energy k and the turbulent kinetic energy dissipation rate ε.



Turbulent kinetic energy equation:


   ∂  ∂ t    (  ρ k  )  +  ∂  ∂ x j    (  ρ k u j  )  =  ∂  ∂ x j    (   (  μ +   μ t   α k    )    ∂ k   ∂ x j    )  + G k + G b − ρ ε − Y M + S k ,  



(6)







Turbulent kinetic energy dissipation equation:


   ∂  ∂ t    (  ρ ε  )  +  ∂  ∂ x j    (  ρ ε u j  )  =  ∂  ∂ x j    (   (  μ +   μ t   α ε    )    ∂ ε   ∂ x j    )  + C 1 ε  ε k   (  G k + C 3 ε G b  )  − ρ C 2 ε    ε 2   k  + S ε ,  



(7)




where k and ε denote turbulent kinetic energy and turbulent dissipation rate, respectively.




2.3. Validation of CFD Model


The computational domain was discretized into unstructured grids. Grid independence tests were conducted for each scheme to ensure the accuracy of the calculation results. Battery temperatures are determined by heat generation and heat dissipation. A li-ion battery test carried out by E et al. [41] was used to validate the heat generation sub-model. More information regarding the experimental settings and parameter analysis can be found in the references [42]. A battery was discharged in a natural convection environment. The heat transfer coefficient of the battery surface was set as 5 W (m2·K−1) in the simulation. Figure 5 compares the simulated and measured time-varying temperatures at discharge rates = 0.5 and discharge rates = 1. In general, the CFD predicted agrees with the test results. Some deviations are caused by the inaccurate natural convection heat transfer coefficient used in the simulation and experimental errors. The simulation validation of heat dissipation can be found in our previous research in Ref. [10]. Overall, CFD technology provides high accuracy in the simulation results of battery heat generation and heat dissipation.





3. Results and Discussion


The Tmax and the maximum temperature difference (∆Tmax) are the two most pivotal assessment criteria to evaluate the performance of a BTMS. The ∆Tmax is defined as the maximum temperature difference between the batteries.



3.1. Computational Domain and Boundary Conditions


Figure 6 shows the temperature distribution of the middle section of the computational at different inlet air velocities at 2C discharge rates. The Tmax reduces with the rise of the inlet velocity because the convective heat transfer coefficient on the battery surface increases. However, when the inlet air velocity reaches a certain level, the effect of raising the inlet air velocity on the decreasing Tmax becomes worse. It is true that increasing the inlet velocity will raise the power consumption of the fan and then increase the operating load of the battery system. Therefore, when the ACS parameters are designed for a BTMS, an excessively high inlet velocity is not commended. At a velocity of 3.0 m/s, the temperature distribution in the middle section differs very little from the temperature distribution at a velocity of 2.5 m/s. Thus, in the present paper, the maximum inlet air velocity is 2.5 m/s.




3.2. Performance Analysis Improved Schemes


The improvement of the heat transfer of an ACS can be achieved by enhancing the turbulence and local velocity inside the pack. Several novel schemes by introducing spoiler prisms are proposed for heat transfer enhancement, as shown in Figure 2 (scheme B and scheme C). The preliminary optimization scheme (Scheme B) is that the spoiler prism is sieged with four baffles, without an increase in weight significantly owing to a hollow structure. The baffles are manufactured with 1.5 mm thick aluminum. Through the improvement of scheme B, scheme C injects the PCM into the spoiler prism. With high latent heat, the PCM can absorb substantial heat without a significant increase in temperature; therefore, the temperature uniformity may be improved. Under a TR condition, the PCM may also hinder the TR propagation by absorbing a large amount of heat.



Considering the operating temperature range during discharge, the normal octadecane-based material was selected as the PCM material. The solidus and liquidus temperatures also depend on the material purity. Based on the literature [39], the values considered for the PCM are Tsolidus = 301.15 K and Tliquidus = 303.15 K. Between these two temperatures, the PCM is considered to be in a mushy region. The variations of the specific heat are considered as a step function between these two values. In order to find the in-between values for the PCM, the values can be interpolated based on a curve fitting method. The specific heat, thermal conductivity, and density of the PCM are shown in Table 3 to be applied in the simulations [42]:



The temperature-based properties of the PCM are incorporated into the CFD simulation by a UDF. Due to the low thermal conductivity, the PCM has a significant problem of thermal inertia. Therefore, an improved type of outer fin scheme is designed, which is defined as scheme D (Figure 3). The heat dissipation capacity of the PCM is increased by adding the outer fins. Because of the good thermal conductivity of aluminum material, aluminum is used for the outer fin. The thickness of the fin is 0.2 mm, and the cooling effect of the BTMS with a fin length L of 2 mm structure is studied.



Figure 7 displays the temperature distribution in the middle section and the battery surface temperature graph at the end of the 2C discharge rates under the same temperature illustration and the 2 ms−1 inlet velocity under different schemes. The Tmax of the optimized schemes are significantly lower than that of the battery pack of the benchmark scheme.



Figure 8 compares, at the end of the 2C discharge rates and the 2 ms−1 inlet velocity, the four BTMS schemes’ performances (discharge rates = 2C, Vinlet = 2 ms−1). Compared to scheme A, both the Tmax and ∆Tmax of the improved schemes B, C, and D decreased substantially. The Tmax of scheme D is the lowest, and the performances of schemes B and C are similar. However, scheme C introduces the PCM and is more complex than scheme B, whereas it does not enhance the performance. The performance of scheme C is inferior to that of scheme B in terms of the Tmax. Therefore, scheme C will not be discussed further.



Figure 9 demonstrates the Tmax with the inlet velocity of different batteries for discharge rates = 2C, 3C, 4C, and 5C, respectively. Specifically, the Tmax reduces with the rise of the inlet velocity, and the Tmax increases with the rise of the discharge rates. The reason is that a higher discharge rate leads to a greater heat generation rate. The Tmax of scheme B is lower than that of scheme A at four discharge rates. This is due to the addition of the spoiler prism, which improves the distribution of the flow field in the battery pack, increases the wind speed on the windward side and leeward side of the battery, and strengthens the heat transfer between the battery and the air, indicating that the spoiler prism can effectively improve the cooling performance of the battery. Moreover, as shown in Figure 9, the Tmax of scheme D decreases for scheme B at four discharge rates. This shows that the cooling effect of the BTMS can be further improved by adding outer fins. With the increase in the inlet velocity, the improvement effect of scheme D is more prominent. Taking the inlet velocity at 2 ms−1 as an example, the Tmax of the battery packs of different schemes increased with the increase in the discharge rates. The Tmax of scheme B decreased by 1.77 K, 2.96 K, 4.09 K, and 5.06 K, respectively, compared with scheme A, and the Tmax of scheme D decreased by 0.39 K, 0.75 K, 1.11 K, and 1.44 K, respectively. It shows that with the increase in the discharge rates, the advancement of scheme B compared with the scheme A battery pack Tmax is noticeable, and the improvement of scheme D relative to the scheme B battery pack Tmax is gradually obvious.



Comparing Figure 9 and Figure 10, the ∆Tmax of the battery pack shows the same trend as that of most Tmax measurements. Under several operating conditions, the ∆Tmax decreases with the increase in the air inlet velocity, because the increase in the inlet velocity strengthens the convective heat transfer between the battery and the air, which makes the temperature distribution of the battery pack more uniform. Therefore, considering the energy consumption of the system, the inlet velocity can be appropriately increased to enhance the temperature uniformity of the battery pack. Moreover, as shown in Figure 10, at the same discharge rates, the ∆Tmax of scheme B decreases relative to that of scheme A, and that of scheme D decreases when the inlet velocity is less than 2 ms−1, indicating that the addition of fins can enhance the temperature uniformity when the inlet velocity is less than 2 ms−1. However, when the inlet velocity is greater than 2 ms−1, with the increase in the inlet velocity, the maximum temperature difference in the battery pack with scheme D is gradually larger than that of scheme B, which is mainly due to the decrease in the airflow channel between the two adjacent batteries due to the addition of the fins. The upwind area of the battery will also decrease, and the forced convection heat transfer area between the battery and air will decrease, resulting in an uneven heat transfer and worse temperature uniformity in the whole battery pack.





4. Performance under TR Condition


When a battery triggers the TR in a pack, the heat generated will spread to the adjacent battery and may lead to the propagation of the TR [43]. During the TR, the energy released by a single battery is relatively limited, but the TR propagation may release all the energy stored in the battery pack, resulting in more serious risk. If the heat flow spreads throughout the battery pack, the energy contained in the high-density battery pack may cause significant damage to the surrounding objects and people [44]. Therefore, the security design for the TR spread suppression is essential.



Different from establishing a conventional battery TR model, there is a relatively extreme definition of a fully charged li-ion battery that releases all its energy in the form of heat within 10 s. According to the capacity, nominal voltage, and volume of the li-ion battery, Shen et al. [45] calculated that the heat generation rate of a li-ion battery is about 120 MW m−3 in the case of prescribed TR.



In this paper, the heat source value of the same order of magnitude is simulated to approximately represent the heat source value of the general TR condition. When the Tmax exceeds the threshold (423 K), the battery TR is triggered [46]. The No. 1 battery and the No. 2 battery are assumed to occur TR, respectively. The TR and heat transfer of the battery are studied by monitoring the maximum temperature of the battery. Before demonstrating the performance of the PCM in a TR state, it is assumed that the battery pack runs at a discharge rate of 1C in the first 60 s, and then the designated No. 1 and No. 2 batteries are thermally out of control for 10 s. The remaining batteries remain in normal operation throughout the process. At the same time, the cooling air controls the battery temperature at the inlet velocity of 1 ms−1, and the process lasts 500 s.



When TR occurs, the battery temperature rises dramatically. Consequently, the temperature difference between the battery with TR and its adjacent battery tends to be extremely large. Thus, the radiation heat transfer will dominate. The surface-to-surface (S2S) radiation model is applied to account for the radiation exchange in an enclosure of gray-diffuse surfaces in this simulation. The energy exchange between two surfaces depends in part on their size, separation distance, and orientation. These parameters are accounted for by a geometric function called a “view factor”. The main assumption of the S2S model is that any absorption, emission, or scattering of radiation can be ignored; therefore, only “surface-to-surface” radiation need be considered for the analysis. The energy flux leaving a given surface is composed of directly emitted and reflected energy:



   q  o u t , k   =  ε k  σ  T 4  +  ρ k   q  i n , k     where    q  o u t , k     is the energy flux leaving the surface,    ε k    is the emissivity,  σ  is Boltzmann’s constant, and    q  i n , k     is the energy flux incident on the surface from the surroundings.



Figure 11 shows the change in the maximum temperature of each battery in the pack with time when the No. 1 battery triggers the TR. At 60 s, the temperature of the No. 1 battery suddenly rises to 956.61 K, and then the TR spreads to the adjacent battery. When the system runs to 140 s, the Tmax of the No. 2 battery reaches 423.11 K, which exceeds the threshold of the maximum temperature of the TR (423 K), and triggers the TR of the No. 2 battery, which also lasts for 10 s. When the system runs to 169 s, the Tmax of the No. 3 battery is 424.79 K, which exceeds 423 K, and the TR lasts for 10 s. When the system runs to 193 s, the Tmax of the No. 4 battery is 424.32 K, which is also out of control, and the system continues to run until 500 s. As shown in Figure 11, the time interval between the TR of the No. 1 battery and the TR of the No. 2 battery is 80 s. The time between the TR of the No. 2 battery and the TR of the No. 3 battery is 29 s, and the interval between the TR of the No. 3 battery and the TR of the No. 4 battery is 24 s. It can be seen that the time interval of the TR between the two adjacent batteries becomes smaller and smaller. In addition, the Tmax of the No. 2, No. 3, and No. 4 batteries are 1046.68 K, 1047.29 K, and 1051.91 K, respectively. Except for the relatively low Tmax of the No. 1 battery, the Tmax of the other batteries is almost the same. This is because when the No. 1 battery is out of control, the temperature of the other three batteries is also gradually rising. By analogy, the No. 4 battery closest to the exit has the shortest time to get out of control, and the No. 1 battery has the lowest Tmax.



Figure 12 shows the Tmax changes in each battery in scheme D under the condition of TR. It can be seen that, except for the TR of the No. 1 battery, the other batteries are not out of control. The Tmax of the No. 1 battery reaches 694.62 K 10 s after the TR occurs. Among them, the Tmax of the No. 2 battery appeared when the system was running for 122 s, and the Tmax was 353.11 K, which did not reach the maximum temperature of the TR threshold. Finally, the temperature of the No. 2 battery began to decrease gradually. The Tmax of the No. 3 battery appears when the system runs for 184 s, and the Tmax is 323.57 K. The Tmax of the No. 4 battery appears when the system runs for 211 s, and the Tmax is 320.58 K. After running the PCM-based BTMS, the No. 1 battery still exceeds the temperature threshold. Although the TR of a single battery is not effectively suppressed, it can prevent the TR from spreading from a single battery to the adjacent battery. The Tmax of the No. 2, No. 3, and No. 4 batteries is lower than the critical temperature of the TR, which indicates that the use of PCMs and fin interception can effectively reduce the battery temperature and make the heat generated by the battery be absorbed by the latent heat of the PCMs. The latent heat of the PCM is used to store the heat generated by the battery, and a forced ACS can take away the latent heat to prevent heat accumulation.



Figure 13 shows the change in the maximum temperature of each battery in the battery pack with time when the No. 2 battery is out of control. At 60 s, the temperature of the No. 2 battery suddenly rises to 961.38 K, and then the TR spreads to the adjacent battery. The Tmaxs of both the No. 1 battery and NO. 3 battery exceed the threshold of the maximum temperature of the TR (423 K) and triggers the TR propagation. When the system runs to 190 s, the Tmax of the No. 4 battery produces the TR as well, mainly due to the heat from the No. 3 battery. As shown in Figure 11, the time interval between the TR of the No. 2 battery and the TR of the No. 1 battery is 80 s. The time between the TR of the No. 1 battery and the TR of the No. 3 battery is 15 s, and the interval between the TR of the No. 3 battery and the TR of the No. 4 battery is 35 s. It can be seen that the TR interval between the No. 1 and No. 2 batteries is the shortest. In addition, the Tmax of the No. 1, No. 3, and No. 4 batteries are 986.31 K, 992.47 K, and 1050.91 K, respectively. This is because the No. 2 battery is a TR battery, and its heat is emitted to both sides. The heat dissipated diffuses to both the No. 1 battery and the No. 3 battery at the same time and, finally, to the No. 4 battery.



Figure 14 shows the Tmax changes in each battery in scheme D under the condition of TR (when setting the No. 2 battery TR). It can be seen that, except for the TR of the No. 2 battery, the other batteries are not out of control. The Tmax of the No. 1 battery reaches 689.53 K 10 s after the TR occurs. Among them, the Tmax of the No. 1 battery appeared when the system was running for 120 s, and the Tmax was 343.22 K, which did not reach the maximum temperature of the TR threshold. Finally, the temperature of the No. 1 battery began to decrease gradually. The Tmax of the No. 3 battery appears when the system runs for 120 s, and the Tmax is 332.48 K. The Tmax of the No. 4 battery appears when the system runs for 205 s, and the Tmax is 318.66 K. After running the PCM-based BTMS, the No. 2 battery still exceeds the temperature threshold. It can be seen that setting the No. 2 battery to a TR battery does not cause TR for the other batteries as well as setting the No. 1 battery to a TR battery.



When TR occurs, a large amount of heat generated by the battery is absorbed by the PCM, and because the PCM is a phase-change material, it can maintain its own temperature without major changes when absorbing or releasing a large amount of heat. Because the temperature of the PCM is hardly raised, heat is not radiated to adjacent batteries so that the TR of the effective tissue propagates between the cells.



We can see from Figure 15 that when the No. 1 battery is designated as a thermally runaway battery (the locations of the different PCMs are shown in Figure 3), PCM1 and PCM2 adjacent to the No. 1 batteries are relatively high in temperature. The maximum temperature of PCM1 reached 302.31 K, and the maximum temperature of PCM2 reached 301.98 K. Then, the farther away from the No. 1 battery, the PCM temperature will be lower, and the maximum temperature of PCM3 was 301.75 K, PCM4 was 301.63 K, and PCM5 was 301.38 K.



Figure 16 shows the average temperature change in each PCM when the No. 2 battery is a TR battery. Because PCM2 and PCM3 are close to the No. 2 batteries, their temperatures are relatively high. Their average temperatures reached a maximum of 302.41 K and 302.33 K. The rest of the PCM is far away from the No. 2 battery and has a relatively low average temperature, and the average temperature of PCM1 reached a maximum of 301.88 K, PCM4 was 301.71 K, and PCM5 was 301.42 K.



The Table 4 shows the range/value of the inputs. We can see from the table that the inlet velocity speed is 0 m/s. This is because, under the TR conditions, the fans are all turned off.



Table 5 shows the range/value of outlets.



From the above data, it can be seen that the TR of scheme A will be propagated, while the TR of scheme D will not propagate.




5. Conclusions


In this paper, the scheme of the aligned battery pack is improved, and the temperature distribution in the battery pack of different schemes is compared by adding a spoiler prism, the PCM, and an outer fin. The maximum temperature and maximum temperature difference in the battery pack under different design schemes are calculated and compared. The results show that:




	(1)

	
Under the different schemes, the Tmax and ∆Tmax of the battery pack decrease with the increase in the inlet velocity, and the Tmax and ∆Tmax of the battery pack increase with the increase in the discharge rates at a fixed inlet velocity.




	(2)

	
The performance of an ACS BTMS can be improved by introducing a hollow prismatic turbulence structure. Its performance can be further enhanced by filling PCM in the hollow prismatic spoiler structure and adding fins.




	(3)

	
The optimization scheme D can effectively prevent the TR propagation between batteries.









This article can be used for the study of adding prism structures and fins to battery modules. Without increasing the volume of the BTMS or adding additional power equipment, a better reduction in battery temperature is achieved, providing a feasible method for improving the performance of an air-cooled thermal battery management system. The limitation of this article is that the TR of the design is relatively rough and does not take into account the problem of damage or leakage caused by the impact of the unit. Potential future work will be directed to: (i) study the heat dissipation of the battery module by changing the material and size of the fins and (ii) consider the problem of leakage after the battery cell receives a solid impact.
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Figure 1. Benchmark scheme (scheme A) and computational domain. 
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Figure 2. Spoiler prism scheme (schemes B and C). 
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Figure 3. Outer fin scheme (scheme D). 
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Figure 4. Computational domain for scheme A. 
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Figure 5. Heat generation model validation for a single battery. Reprinted with permission from ref. [41]. Copyright 2018, Copyright Applied Thermal Engineering. 
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Figure 6. The temperature distribution of the middle section at different inlet velocities: (a) 1 ms−1; (b) 1.5 ms−1; (c) 2 ms−1; (d) 2.5 ms−1; (e) 3.0 m−1. 
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Figure 7. Temperature distribution in the middle section of different schemes and their battery surface temperature graph. (a) Scheme A; (b) the surface temperature of the battery for scheme A; (c) scheme B; (d) the surface temperature of the battery for scheme B; (e) scheme C; (f) the surface temperature of the battery for scheme C; (g) scheme D; (h) the surface temperature of the battery for scheme D. 
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Figure 8. Tmax and ∆Tmax under different schemes. 
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Figure 9. Variation of Tmax of scheme A, scheme B, scheme C, and scheme D with different inlet velocity. (a) The 2C Dr (discharge rates) discharge end; (b) 3C Dr discharge end; (c) 4C Dr discharge end; (d) 5C Dr discharge end. 
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Figure 10. Variation of ∆Tmax of scheme A, scheme B, and scheme D with inlet velocity. (a) The 2C Dr (discharge rates) discharge end; (b) 3C Dr discharge end; (c) 4C Dr discharge end; (d) 5C Dr discharge end. 






Figure 10. Variation of ∆Tmax of scheme A, scheme B, and scheme D with inlet velocity. (a) The 2C Dr (discharge rates) discharge end; (b) 3C Dr discharge end; (c) 4C Dr discharge end; (d) 5C Dr discharge end.
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Figure 11. The maximum body temperature of each battery in scheme A under the condition of TR (when setting No. 1 battery TR). 
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Figure 12. The maximum body temperature of each battery in scheme D under TR (when considering No. 1 battery TR). 
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Figure 13. The maximum body temperature of each battery in scheme A under the condition of TR (when setting No. 2 battery TR). 
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Figure 14. The maximum body temperature of each battery in model d under TR (when setting No. 2 battery TR). 
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Figure 15. The average temperature change in the PCM in different regions when the No. 1 battery is thermally runaway. 
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Figure 16. The average temperature change in the PCM in different regions when the No. 2 battery is thermally runaway. 
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Table 1. Physical and thermal properties of the 18,650 li-ion battery [33].
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	Rated Voltage (V)
	3.6
	Specific Heat Capacity (J·kg−1 K−1)
	1200
	Density (kg·m−3)
	2722



	Length (mm)
	65
	Diameter (mm)
	18
	Anisotropic thermal conductivity (W·m−1 K−1)
	kr = 0.2,

kz = 37.6
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Table 2. Boundary condition settings.
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	Region
	Inlet
	Outlet
	Bottom
	Top
	Side 1 and Side 2
	Interfaces between Batteries and Fluid
	Initial Temperature
	Ambient Temperature





	Boundary conditions
	velocity inlet
	pressure outlet
	walls
	walls
	impermeable symmetry
	coupled walls
	300 K
	300 K



	Region
	Inlet
	Outlet
	Bottom
	Top
	Side 1 and Side 2
	Interfaces between Batteries and Fluid
	Initial Temperature
	Ambient Temperature



	Boundary conditions
	velocity inlet
	pressure outlet
	walls
	walls
	impermeable symmetry
	coupled walls
	300 K
	300 K
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Table 3. Physical property parameters of PCMs, Reprint with permission [42].
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	Specific Heat Capacity (J/kg/K)
	Thermal Conductivity (W/m/K)
	Density (kg/m3)





	Solid-phase PCM
	2150
	0.358
	814



	Mushy region
	225,000
	0.255
	769



	Liquid-phase PCM
	2180
	0.152
	724
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Table 4. The range/value of inputs.
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	Heat Generation Rate
	Inlet Velocity
	Outlet Velocity
	Inlet Boundary Conditions
	Outlet Boundary Conditions
	Radiation Model





	120 MW m−3
	0 m/s
	0 m/s
	Velocity inlet
	Pressure out
	S2S



	Top and bottom boundary conditions
	Side1 and Side2 boundary conditions
	Initial temperature
	Ambient temperature
	Interfaces
	



	wall
	Impermeable symmetry
	300 K
	300 K
	Coupled walls
	



	Heat Generation Rate
	Inlet Velocity
	Outlet Velocity
	Inlet Boundary Conditions
	Outlet Boundary Conditions
	Radiation Model



	120 MW m−3
	0 m/s
	0 m/s
	Velocity inlet
	Pressure out
	S2S



	Top and bottom boundary conditions
	Side1 and Side2 boundary conditions
	Initial temperature
	Ambient temperature
	Interfaces
	



	wall
	Impermeable symmetry
	300 K
	300 K
	Coupled walls
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Table 5. The range/value of outlets.
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	The Maximum Temperature of Scheme A under TR
	No. 1
	No. 2
	No. 3
	No. 3



	
	956.61 K
	1046.68 K
	1047.29 K
	1051.91 K



	The Maximum Temperature of Scheme D under TR
	No. 1
	No. 2
	No. 3
	No. 3



	
	694.62 K
	353.11 K
	323.57 K
	320.58 K
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