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Abstract

:

Thermal runaway (TR) of lithium-ion batteries has always been a topic of concern, and the safety of batteries is closely related to the operating temperature. An overheated battery can significantly impact the surrounding batteries, increasing the risk of fire and explosion. To improve the safety of battery modules and prevent TR, we focus on the characteristics of temperature distribution and thermal spread of battery modules under overheating conditions. The heat transfer characteristics of battery modules under different battery thermal management systems (BTMSs) are assessed. In addition, the effects of abnormal heat generation rate, abnormal heat generation location, and ambient temperature on the temperature distribution and thermal spread of battery modules are also studied. The results indicate that the BTMS consisting of flat heat pipes (FHPs) and bottom and side liquid cooling plates can effectively suppress thermal spread and improve the safety of the battery module.
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1. Introduction


Rechargeable lithium-ion batteries are the most suitable energy storage device for battery electric vehicles, whose lifespan, safety, and performance are sensitive to changes in temperature [1]. Low-temperature environments will lead to capacity decay [2,3,4], while high-temperature environments will lead to thermal safety issues such as thermal runaway [5,6,7]. Therefore, it is necessary to establish an efficient BTMS that controls the battery temperature within the proper operating temperature range. Moreover, the battery thermal management system reported in this paper is universal for both lithium-ion batteries and supercapacitors [8]. Thermal runaway of a certain battery may spread to adjacent batteries, causing serious thermal spread hazards and safety accidents to electric vehicles [9,10]. Therefore, studying the temperature characteristics and TR propagation of batteries is of great significance [11].



The cooling methods of the BTMS include air cooling, liquid cooling, heat pipe cooling, and phase change material cooling. Air cooling, as the most traditional and direct heat dissipation method, is characterized by simple structure and low cost. The aerothermal management system is mainly suitable for small electric vehicles like the Roewe Marvel X and BAIC New Energy EU5 [12]. Akinlabi [13] conducted detailed parameter research and analysis on BTMSs using air cooling and compared the characteristics of each air-cooling structure. The research showed that this cooling method cannot provide sufficient heat dissipation capacity for high-energy-density battery modules. Compared to air cooling, liquid cooling has specific heat capacity, thermal conductivity, and higher density, which can quickly remove surface heat from objects. Therefore, liquid-based BTMSs have been widely employed in the Tesla Model S, Chevrolet Volt, Audi Q7, BMW i3 and i8 [14]. They are also used in an all-electric Berlingo from Peugeot Citroën in France and the Ni/MH power system for hybrid electric vehicles made by Cobasys [15]. Wei et al. [16] established a prismatic battery electrothermal coupling model using liquid cooling and analyzed the key parameters, including the flow rate of the coolant, the number of batteries between adjacent liquid cooling plates, and the thickness of the liquid cooling plates. The results showed that increasing the thickness of the liquid-cooled plate and the liquid flow rate could enhance the cooling effect. A cooling structure with three curved contact surfaces and a longitudinal arrangement of liquid cooling pipes was proposed [17]. The results showed that the optimal structure can control the maximum temperature and temperature uniformity of the battery within the required range at high-discharge-rate conditions of 5C. Xin et al. [18] designed a hybrid BTMS consisting of composite phase change material and liquid cooling. The BTMS has good cooling performance even at a 5C discharge rate, effectively improving battery safety.



Heat pipes (HPs) have excellent thermal conductivity and have been widely used in the fields of electronic component cooling and spacecraft. Zhao et al. [19] developed a BTMS that combined heat pipe and wet cooling. The system consisted of four prismatic batteries sandwiched with three FHPs, which were in complete contact with the surface of the batteries. They found that the temperature variation range of the battery module was relatively small. A simplified heat transfer model [20,21,22,23] is employed to simplify the heat pipe into a 4 mm flat plate, with the length and height consistent with the battery at 148 mm and 92 mm, respectively. The thermal conductivity is equivalent to the actual HP and remains constant. The heat transfer mode is heat conduction, ignoring the complex internal mass transfer, heat transfer, momentum transfer and gas–liquid flow; the heat pipe material is set as copper [24].



FHP has the advantages of thinness, regular shape, light weight, a large contact area with the heat source, and slight impact on the energy density of the battery module, so it matches well with the liquid-cooled BTMS for a prismatic lithium-ion battery. Zeng et al. [25] proposed a novel hybrid battery thermal management system based on liquid cooling and a micro heat pipe array. The results show that the hybrid battery module can effectively reduce the battery temperature and temperature difference compared to the module without micro heat pipes. Xin et al. [26] proposed a BTMS for high-capacity prismatic lithium-ion batteries combining liquid cooling, FHP, and composite phase change material. The BTMS can effectively control the maximum temperature and temperature difference of the battery under a 2C discharge rate and 37 °C high-temperature environments. Ye et al. [27] found that the optimized BTMS is feasible and effective for the fast charging of a lithium-ion battery by cooling the battery module through HPs combined with liquid cooling. Wang et al. [28] designed a BTMS based on L-shaped HPs and liquid cooling and found that the BTMS can meet the cooling and heating needs of the battery in high- and low-temperature environments, respectively. From the above literature, combining FHP with liquid cooling is feasible for improving the temperature uniformity and reducing the maximum temperature of the battery module.



TR is the primary safety issue for lithium-ion batteries. The causes of TR of batteries can be divided into mechanical abuse, electrical abuse, and thermal abuse. Mechanical abuse is generally caused by mechanical deformation of a battery or battery pack by force. The specific performance is vehicle collision and the consequent crush and penetration of the battery pack [11]. Yamauchi [29] found that the degree of TR during the needling process is determined by the resistive heat generated by the large short-circuit current after the needle is inserted into the battery. Zavalis et al. [30] developed a 2D coupled electrochemical–thermal model to predict the temperature increase within the battery and explain the temperature increase mechanism. Electrical abuse is generally caused by overcharging and discharging or external short circuits [11]. Wang [31] studied the behavior of cathode and anode materials for ternary lithium-ion batteries under overcharge conditions. It is believed that the cathode material may be the main factor affecting the overcharging process of lithium-ion batteries. Maleki [32] found that after over-discharge, the battery is charged and discharged again, which may lead to internal short circuits and even TR. Thermal abuse is the most common factor in TR, and overheating is the most typical case of thermal abuse [5]. For large-capacity prismatic batteries, the research showed that the heating effect of TR batteries on adjacent batteries was the most critical factor leading to the spread of TR [33]. Feng et al. [34] investigated self-generated overheating caused by side reactions. From the beginning of self-generated heat at T1 (the self-generating heat temperature) to the beginning of TR at T2 (the triggering temperature of TR), the separator maintains its integrity at low temperatures without melting, and the solid electrolyte interface (SEI) begins to decompose, accompanied by a small amount of SEI regeneration. The exothermic reaction before TR is mainly due to the decomposition and regeneration of anode SEI. They found that SEI may begin to decompose above 70 °C. Jin et al. [35] further discovered that T1 = 99 °C and T2 = 132.7 °C for a nickel–cobalt–manganese prismatic lithium-ion battery, and the heat produced by the side reaction is negligible when the temperature is less than T1.



Abnormal heat generation in the battery can lead to TR, so it is necessary to analyze the thermal behavior of the battery during abnormal heat generation. The main purpose of this paper is to control the maximum temperature of the battery module at less than 70 °C and the maximum temperature difference of the battery at less than 5 °C. Currently, liquid BTMS is mainstream solution for BTMS for pure electric vehicles, while research into heat pipe technology is developing steadily, and the development of heat pipe technology presents good application prospects for the thermal management of power batteries. Therefore, by combining liquid cooling and heat pipes, five BTMSs are established to analyze the temperature distribution and thermal spread of battery modules under different conditions of abnormal heat generation. Firstly, the analysis models of the battery modules with different BTMSs were established using COMSOL Multiphysics software (version 5.4). Secondly, the impact of different design schemes of BTMS on the heat dissipation performance of the battery module is compared. Then, the influence of abnormal heat generation rate, abnormal heat generation location, and ambient temperature on the temperature distribution and thermal spread characteristics of the battery module is explored. Finally, the temperature and thermal spread characteristics of the battery module are compared using five BTMS schemes, and the optimal design scheme of BTMS is obtained.




2. Numerical Model


2.1. Geometric Models


The main cooling methods currently used in prismatic lithium-ion batteries are liquid cooling and FHPs. Liquid cooling can effectively control the maximum temperature of the battery module, while FHPs can effectively reduce the temperature difference of the battery due to its temperature uniformity. To ensure the safe operation of the battery module and to combine the advantages of liquid cooling and FHP, five schemes of BTMSs are proposed using a combination of liquid cooling and FHPs to study the thermal performance of the battery module. Scheme 1 is only FHPs cooling; Scheme 2 is a combination of the FHPs and a bottom liquid cooling plate; Scheme 3 is a combination of the FHPs and side liquid cooling plates; Scheme 4 is a combination of the bottom and side liquid cooling plates; Scheme 5 is a combination of the FHPs and bottom and side liquid cooling plates, as shown in Figure 1a–e, respectively.



The battery used in this paper is a nickel–cobalt–manganese prismatic lithium-ion battery whose width, depth, and height are 148 mm, 27 mm and 92 mm, respectively. There are 10 prismatic batteries connected in series, and 11 FHPs with a width of 4 mm are used to separate the batteries in Scheme 1. A liquid cooling plate with a width, depth and height of 148 mm, 314 mm, and 16 mm is arranged at the bottom of the battery module, and four parallel flow paths with a radius of 3 mm are arranged in the cooling plates in Scheme 2 based on Scheme 1. In Scheme 3, liquid cooling plates with a width, depth and height of 16 mm, 314 mm, and 92 mm are arranged on both sides of the battery module based on Scheme 1, and eight parallel flow paths with a radius of 3 mm are arranged in the liquid cooling plate. Scheme 5 combines Schemes 2 and 3 to arrange the liquid cooling plates at the bottom and side of the battery module. While Scheme 4 removes the FHPs based on Scheme 5. There are 12 parallel flow paths arranged in the liquid cooling plates. Coolants flow in adjacent paths in opposite direction. Water is chosen as the coolant. The cooling methods of the five schemes are shown in Table 1. In addition, the material properties of each component are shown in Table 2 [26].




2.2. Governing Equations


Before establishing the model, the following assumptions are made for lithium-ion batteries:




	
The inside material of the battery is uniform.



	
The specific heat capacity and thermal conductivity of the battery are constant.



	
The simulation environment is conducted under adiabatic conditions.








The energy conservation equations involved in the solid heat transfer of the BTMS involving batteries, liquid cooling plates (AL plates), and FHPs are as follows:


    ρ   b     C   p , b     ∂ T   ∂ t   = ∇ ·     k   b   ∇   T   b     +   Q   V O L    



(1)






    ρ   A L     C   p , A L     ∂   T   A L     ∂ t   = ∇ ·     k   A L   ∇   T   A L      



(2)






    ρ   F H P     C   p , F H P     ∂   T   F H P     ∂ t   = ∇ ·     k   F H P   ∇   T   F H P      



(3)




where     ρ   b    ,     ρ   A L    , and     ρ   F H P     represent the density of the lithium battery, liquid cooling plates, and FHPs, respectively;     C   p , b    ,     C   p , A L     and     C   p , F H P     represent the specific heat capacity of the lithium battery, liquid cooling plates, and FHPs at constant pressure, respectively;     k   b    ,     k   A L     and     k   F H P     represent the thermal conductivity of the lithium battery, liquid cooling plates, and FHPs, respectively; and     Q   V O L     represents the heat generation rate of the battery. In this paper, the average heat generation rates of the battery were calculated using experimental data measured by calibrated calorimetry and served as a heat source for the battery.



The flow and heat transfer process of the fluid in the cooling pipe are assumed as follows:




	
The fluid flow is assumed to be steady, incompressible, and laminar.



	
The coolant fluid is Newton fluid with constant thermal properties.



	
The influence of gravity, thermal radiation, and other factors is not considered; the effect of entry is not considered.








The governing equations related to liquid cooling, namely mass conservation, momentum conservation, and energy conservation, are shown as follows:


    ∂   ρ   c     ∂ t   + ∇ ·     ρ   b     u  →    = 0  



(4)






    ρ   c     ∂   u  →    ∂ t   +   ρ   c       u  →  · ∇     u  →  = − ∇ p + ∇   μ   ∇   u  →  +     ∇   u  →      T        



(5)






    ρ   c     C   p , c     ∂ T   ∂ t   + ∇ ·     ρ   c     C   p , b     u  →  T   = ∇ ·     λ   c   ∇ T    



(6)




where     ρ   c    ,     C   p , c    , and     λ   c     represent the density, specific heat capacity, and thermal conductivity of coolant;     u  →   ,   p   and   μ   represent the vector velocity, static pressure, and dynamic viscosity of coolant. The cooling medium of the liquid cooling is water, which has incompressibility.




2.3. Boundary and Initial Conditions


COMSOL Multiphysics software is used to set the boundary and interface conditions of battery modules. The boundary conditions of battery and FHP; battery and liquid cooling plate; FHP and liquid cooling plate; and liquid cooling plate and liquid-cooled pipe are set as follows:


  −   k   b     ∂   T   b     ∂   n   b     = −   k   F H P     ∂   T   F H P     ∂   n   F H P      



(7)






  −   k   b     ∂   T   b     ∂   n   b     = −   k   A L     ∂   T   A L     ∂   n   A L      



(8)






  −   k   F H P     ∂   T   F H P     ∂   n   F H P     = −   k   A L     ∂   T   A L     ∂   n   A L      



(9)






  −   k   A L     ∂   T   A L     ∂   n   A L     =   h   c   (   T   A L   −   T   c   )  



(10)




where     k   b    ,     k   F H P    , and     k   A L     indicate the thermal conductivity of the battery, the thermal conductivity of the FHP, and the thermal conductivity of the liquid cooling plate, respectively.     h   c     is the convective heat transfer coefficient between the coolant and liquid cooling plate.     T   b    ,     T   F H P    ,     T   A L   ,   and     T   c     are the temperatures of the battery, FHP, liquid cooling plate, and coolant, respectively.     ∂ T   ∂ n     is the temperature gradient of each material along the normal direction of the outer surface.



Additionally, the initial condition is set to   T =   T   0    ,   v =   v   0    , where     T   0     is the ambient temperature, and     v   0     is set as the inlet speed of 0.1 m/s. The inlet temperature of the coolant is consistent with the ambient temperature. The inlet boundary of the cooling pipe is set as velocity, and the outlet boundary condition is set as pressure.




2.4. Model Validation


In this section, a single battery model was used for model validation. COMSOL Multiphysics software is employed for simulation, model validation, and grid independence analysis. The geometric model and mesh of the single nickel–cobalt–manganese prismatic lithium-ion battery are shown in Figure 2. The geometric parameters of the battery are shown in Table 3. We measured the heat generation rate for a prismatic single battery [36]. The dynamic heat generation rates of the battery were obtained using the calibrated calorimetry method according to the curve of the battery temperature change for the heat generation test during heat loss calibration. At ambient temperatures of 25 °C and 40 °C, the average heat generation rates of the battery at 2C discharge rate were 42,352 W/m3 and 33,430 W/m3, respectively, which were calculated using experimental data of dynamic heat generation rates. The rising temperature trend of the battery obtained by the simulation was compared with the corresponding experimental results. Figure 3a shows the single battery model validation under a discharge rate of 2C and an ambient temperature of 25 °C and 40 °C. The simulation results are consistent with the experimental results [36].



COMSOL Multiphysics software is used to mesh the battery module, as shown in Figure 1f. The grid independence analysis is carried out on several grids, including 139,003, 298,225, 1,201,223, 1,329,822 and 2,313,930. As can be seen from Figure 3b, the maximum temperature gradually increases with the increase in the number of grids, and the trend in the maximum temperature is relatively stable after the number of grids reaches 1,329,822, with little temperature change. Therefore, a grid number of 1,329,822 is selected for the subsequent simulations of Scheme 5.





3. Result and Discussion


3.1. Comparison of Thermal Performance of BTMSs


In this section, a study on the thermal performance of different BTMSs under a 25 °C ambient temperature, a 2C discharge rate and normal battery heat generation is carried out. Figure 4a,b shows the maximum temperature and the maximum temperature difference of the battery module in five schemes. The maximum temperature difference of the battery is obtained by comparing the maximum temperature difference of each battery. Figure 4c shows the maximum temperature and the maximum temperature difference of the battery module in five schemes at the end of discharge (1800s). It is found that Scheme 5, in combining the FHPs with bottom and side liquid cooling, has the best heat dissipation performance, showing the lowest maximum temperature and the second lowest maximum temperature difference. The main reason is that the heat generated by the battery is timely transferred to the coolant through the heat pipe, which has strong thermal conductivity, and is then quickly transferred to the external environment. Therefore, Scheme 5 is adopted to study the effects of abnormal heat generation rate, abnormal heat generation location, and ambient temperature on the temperature distribution and thermal spread of the battery module when a certain battery is under conditions of abnormal heat generation.




3.2. Effect of Abnormal Heat Generation Rate


The solid electrolyte interface (SEI) may begin to decompose at temperatures exceeding 70 °C [35], leading to a decrease in battery performance. Therefore, this article takes 70 °C as the critical temperature for the battery to operate normally. Reference [35] conducted extensive TR tests for prismatic batteries and obtained characteristic temperatures of T1, the self-generating heat temperature, and T2, the triggering temperature of TR. For the temperature rising from T1 to T2, the self-generating heat power before TR ranges from about 16 W to 800 W for the present prismatic battery. The abnormal heat generation rate (250 W, 300 W, 350 W, 400 W, 450 W, 500 W) in between is thus taken to examine the effectiveness of the present thermal design. In general, the middle battery in a BTMS has the worst heat dissipation, so the No. 5 battery is set as an abnormal heat generation battery for the following analysis. The serial number of batteries in the battery module is shown in Figure 5.



Figure 6a,b shows the maximum temperature and the maximum temperature difference of the battery module with different abnormal heat generation rates during the 2C discharge process. The maximum temperature of the battery shows a gradual upward trend, while the maximum temperature difference tends to flatten out after 300 s. Figure 6c shows the effect of abnormal heat generation rate on the maximum temperature and the maximum temperature difference of the battery at the end of discharge. The maximum temperature and the maximum temperature difference of the battery increase with the abnormal heat generation rate increase. When the abnormal heat generation rate is no more than 350 W, the maximum temperature of the battery module does not exceed 70 °C, at which point the decomposition of SEI is unlikely to occur. When the abnormal heat generation rate is 500 W, the maximum temperature and the maximum temperature difference of the battery are 82.8 °C and 9.3 °C, respectively.



At the end of discharge, the temperature distribution of the battery module with different abnormal heat generation rates and 25 °C ambient temperature is shown in Figure 7. It can be seen that as the abnormal heat generation rate increases, the range of thermal spread expands, and the influence on the maximum temperature of other normal batteries increases. When the abnormal heat generation rate is 500 W, the highest temperature of three batteries exceeds 70 °C.




3.3. Effect of Abnormal Heat Generation Location


To study the impact of abnormal heat generation location on the heat transfer characteristics and thermal safety of the battery module, considering the symmetry of the model and boundary conditions, we analyze the temperature distribution and thermal spread of the battery module when abnormal heat generation occurs in battery No. 1, No. 2, No. 3, No. 4, and No. 5, respectively.



Figure 8 shows the maximum temperature of the battery module with different abnormal heat generation locations and abnormal heat generation rates at the end of discharge when the ambient temperature is 25 °C. The abnormal heat generation location affects the maximum temperature of the battery module. At the same abnormal heat generation rate, the closer the abnormal heat generation location is to the middle of the battery module, the higher the maximum temperature of the battery module. The battery in the middle position of the module can easily accumulate a large amount of heat, resulting in the highest temperature. When the abnormal heat generation rate is 500 W, the maximum temperatures of the module during abnormal heat generation in the No. 1 battery and No. 5 battery are 74.9 °C and 82.8 °C, respectively.



Figure 9 shows the effect of abnormal heat generation location on the temperature distribution of the battery module. One can observe the number of batteries with a maximum temperature exceeding 70 °C at an abnormal heat generation rate of 500 W and different abnormal heat generation locations. When abnormal heat generation occurs in the battery No. 1, the maximum temperature of only one battery exceeds 70 °C. When abnormal heat generation occurs at other locations, there are three batteries with a maximum temperature exceeding 70 °C. The number of batteries with a maximum temperature exceeding 70 °C with different abnormal heat generation locations and with abnormal heat generation rates is summarized in Table 4.



Table 4 shows the number of batteries with a maximum temperature exceeding 70 °C with different abnormal heat generation locations and abnormal heat generation rates when the ambient temperature is 25 °C. When abnormal heat generation is in the center of the battery module and the heat generation rate is high, more batteries are affected by thermal spread, and more batteries have a maximum temperature exceeding 70 °C in the battery module.



Figure 10 shows the maximum temperature difference of the battery with different abnormal heat generation locations and abnormal heat generation rates at the end of discharge when the ambient temperature is 25 °C. It can be seen that when the abnormal heat generation battery is No. 3, No. 4, or No. 5, compared to the situation where the abnormal heat generation battery is No. 1 or No. 2, the difference in maximum temperature difference is small. Because the battery with a maximum temperature difference when abnormal heat generation occurs in the No. 2 battery is not the No. 2 battery, and the battery with a maximum temperature difference when abnormal heat generation occurs in other batteries is the abnormal heat generation battery itself, the temperature difference curve of the No. 2 battery in the figure is different from in other situations. It is worth noting that when the abnormal heat generation battery is No. 1 or No. 2, the maximum temperature difference of the battery is significantly higher than in other situations.



Generally, the performance and lifespan of the battery will be affected if the temperature difference inside the battery exceeds 5 °C. Table 5 shows the number of batteries with a maximum temperature difference exceeding 5 °C with different abnormal heat generation locations and abnormal heat generation rates when the ambient temperature is 25 °C.



As shown in Table 5, when the abnormal heat generation location is closer to the center of the battery module and the abnormal heat generation rate is greater, the number of batteries with a maximum temperature difference exceeding 5 °C will increase. When abnormal heat generation occurs in batteries No. 1 and No. 2, the number of batteries with a maximum temperature difference exceeding 5 °C remains basically unchanged, and the abnormal heat generation rate has little effect on it. At higher power levels (450 W or 500 W), when abnormal heat generation occurs in battery No. 5, the number of batteries with a maximum temperature difference exceeding 5 °C is the highest.




3.4. Effect of Ambient Temperature


Based on studying the influence of abnormal heat generation location, the influence of ambient temperature on the temperature distribution and thermal spread of battery modules is also explored. Figure 11 shows the maximum temperature of the battery considering the influence of abnormal heat generation rate and abnormal heat generation location at the end of discharge when the ambient temperature is 40 °C.



Figure 11 shows that when abnormal heat generation occurs in batteries No. 3, No. 4, and No. 5, the maximum temperature of the battery has already exceeded 70 °C at a heat generation rate of 250 W. When abnormal heat generation occurs in battery No. 5, the maximum temperature of the module is 96.1 °C at an abnormal heat generation rate of 500 W, which does not reach T1 (99 °C). The temperature distribution of the battery module with different abnormal heat generation locations with a 500 W abnormal heat generation rate is shown in Figure 12.



Obviously, in high-temperature environments, batteries with abnormal heat generation have a significant impact on battery modules. The number of batteries with a maximum temperature exceeding 70 °C in each case is summarized in Table 6.



It can be seen from Table 6 that at an ambient temperature of 40 °C, the number of batteries with a maximum temperature exceeding 70 °C is significantly higher than that at an ambient temperature of 25 °C. When abnormal heat generation occurs in batteries No. 4 and No. 5, and the abnormal heat generation rate is 250 W, the maximum temperature of some batteries exceeds 70 °C. When the abnormal heat generation rate is 500 W, if there is abnormal heat generation in the battery, half of the batteries will have a maximum temperature exceeding 70 °C.



Figure 13 shows the maximum temperature difference of the battery with different abnormal heat generation locations and abnormal heat generation rates at the end of discharge when the ambient temperature is 40 °C. It is observed that at high ambient temperatures, the maximum temperature difference of the battery is also the highest when abnormal heat generation occurs in battery No. 1. When abnormal heat generation occurs in batteries No. 3, No. 4, and No. 5, the difference in the maximum temperature difference of the battery between the three conditions is very small.



Table 7 shows the number of batteries with a maximum temperature difference exceeding 5 °C with different abnormal heat generation locations and abnormal heat generation rates. It can be found that at 40 °C, the number of batteries with a maximum temperature difference exceeding 5 °C is roughly the same as at 25 °C. It can be inferred from this that high ambient temperatures are unlikely to affect the number of batteries with the maximum temperature difference.




3.5. The Thermal Spread Characteristics of Different Schemes


At an ambient temperature of 40 °C, battery No. 5 exhibits the maximum temperature under conditions of abnormal heat generation, and the number of batteries with a maximum temperature exceeding 70 °C is also the highest. Therefore, we focus on the temperature and thermal spread characteristics of the battery module using five BTMS schemes when abnormal heat generation occurs in battery No. 5.



Figure 14 shows the maximum temperature of the battery module among the five BTMS schemes at different abnormal heat generation rates at the end of discharge. Figure 15 shows the maximum temperature difference of the battery among the five BTMS schemes at different abnormal heat generation rates at the end of discharge. Table 8 shows the number of batteries with a maximum temperature exceeding 70 °C among the five BTMS schemes at different abnormal heat generation rates when battery No. 5 is in a condition of abnormal heat generation. Table 9 shows the number of batteries with a maximum temperature difference exceeding 5 °C among the five BTMS schemes under the same conditions. These data help evaluate the effectiveness of each BTMS in preventing battery overheating and controlling temperature differences.



It can be seen by comparing the data from different figures that when considering the number of batteries with a maximum temperature exceeding 70 °C, Schemes 1 and 2 have 9 or 10 batteries with a maximum temperature exceeding 70 °C at each power. In Scheme 5, when the abnormal heat generation rate is 500 W, there is only one battery with a maximum temperature of no more than 70 °C. Therefore, Schemes 1 and 2 are inferior to Scheme 5. When considering the number of batteries with a maximum temperature difference exceeding 5 °C, Scheme 3 only has one battery with a maximum temperature difference exceeding 5 °C when the abnormal heat generation rate is 250 W. Under other conditions, the number of batteries exceeds half, and even the maximum temperature difference of 10 batteries exceeds 5 °C when the abnormal heat generation rate is above 350 W. Scheme 4 has a maximum temperature difference of over 5 °C for ten batteries at each abnormal heat generation rate. Scheme 5 effectively reduces the number of batteries with a maximum temperature difference of more than 5 °C. Therefore, Schemes 3 and 4 are inferior to Scheme 5. Even in the case of an abnormal heat generation rate of 350 W, Scheme 5 can still maintain the maximum temperature of half of the batteries, which does not exceed 70 °C. It can be seen from Figure 14 that the maximum temperature of the battery module with Scheme 5 was controlled at 96.1 °C and did not exceed the self-generating heat temperature of T1 (99 °C), in which case the heat produced by the side reaction is negligible [36]. The maximum temperature of the battery module with Schemes 1–4 mostly exceeded T1 or even T2 (132.7 °C), in which case the battery has a relatively violent side reaction, resulting in the simulated maximum temperature of the battery module being less than the actual value. This reinforces the advantages of Scheme 5 in controlling the maximum temperature of the battery. Scheme 5, which is the focus of this paper, can effectively suppress the thermal spread from the abnormal battery to the normal batteries and prevent the occurrence of TR.





4. Conclusions


The thermal performance of five thermal management schemes is compared in this paper. Then, an optimal thermal management scheme is selected for thermal performance analysis under conditions of overheating. The results are as follows:




	
Scheme 5, combining the FHPs with bottom and side liquid cooling plates, has good heat dissipation performance. At a 25 °C ambient temperature with a 2C discharge rate and battery normal heat generation, the lowest maximum temperature of 35.1 °C and the second lowest maximum temperature difference of 1.5 °C were obtained.



	
As the heat generation rate increases, the range of thermal spread expands, and the influence on the maximum temperature of other normal batteries increases, resulting in the maximum temperature of the surrounding batteries exceeding the critical temperature, which reduces the safety of the battery.



	
The closer the abnormal heat generation location is to the center of the module, the greater the maximum temperature of the battery module, and the more batteries will be affected.



	
The effect of different abnormal heat generation locations and abnormal heat generation rates on the maximum temperature difference at high ambient temperatures is about the same as that at low ambient temperatures. However, due to the increase in ambient temperature, the number of batteries with a maximum temperature exceeding 70 °C increases, thereby reducing the safety and stability of the batteries and making accidents more likely to occur.



	
Scheme 5, combining the FHPs with bottom and side liquid cooling plates, can effectively suppress thermal spread from the abnormal battery to the normal batteries and prevent the occurrence of thermal runaway.
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Figure 1. Five schemes of battery module structures: Scheme 1 with FHPs (a); Scheme 2 with FHPs and a bottom liquid cooling plate (b); Scheme 3 with FHPs and side liquid cooling plates (c); Scheme 4 with bottom and side liquid cooling plates (d); Scheme 5 with FHPs and bottom and side liquid cooling plates (e); and the mesh of Scheme 5 (f). 
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Figure 2. Single battery model (a) and mesh (b). 
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Figure 3. Model validation of single battery under a 2C discharge rate and an ambient temperature of 25 °C and 40 °C (a) [36]; grid independence analysis of Scheme 5 (b). 
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Figure 4. The maximum temperature (a) and the maximum temperature difference (b) of the five schemes and a control group without a cooling method at the end of discharge (c). 
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Figure 5. The serial number of batteries in the battery module. 
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Figure 6. The maximum temperature (a) and the maximum temperature difference (b) with different abnormal heat generation rates; the maximum temperature and maximum temperature difference of the battery module at the end of discharge (c). 






Figure 6. The maximum temperature (a) and the maximum temperature difference (b) with different abnormal heat generation rates; the maximum temperature and maximum temperature difference of the battery module at the end of discharge (c).



[image: Batteries 10 00086 g006]







[image: Batteries 10 00086 g007] 





Figure 7. The temperature distribution of the battery module with different abnormal heat generation rates and 25 °C ambient temperature at the end of discharge. 
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Figure 8. The effect of abnormal heat generation location and abnormal heat generation rate on the maximum temperature of the battery module at the end of discharge (ambient temperature = 25 °C). 
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Figure 9. The temperature distribution of the battery module with different abnormal heat generation locations with a 500 W abnormal heat generation rate and 25 °C ambient temperature. 
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Figure 10. The effect of abnormal heat generation location and abnormal heat generation rate on the maximum temperature difference of the battery at the end of discharge (ambient temperature = 25 °C). 
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Figure 11. The effect of abnormal heat generation location and abnormal heat generation rate on the maximum temperature of the battery module at the end of discharge (ambient temperature = 40 °C). 
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Figure 12. The temperature distribution of the battery module with different abnormal heat generation locations with 500 W abnormal heat generation rate and 40 °C ambient temperature. 
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Figure 13. The effect of abnormal heat generation location and abnormal heat generation rate on the maximum temperature difference of the battery at the end of discharge (ambient temperature = 40 °C). 
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Figure 14. The effect of the BTMS design scheme and abnormal heat generation rate on the maximum temperature of the battery module at the end of discharge. 
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Figure 15. The effect of BTMS design scheme and abnormal heat generation rate on the maximum temperature difference of batteries at the end of discharge. 
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Table 1. Comparison of cooling methods of the five schemes.
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	Design Schemes
	Cooling Methods





	Scheme 1
	FHPs



	Scheme 2
	FHPs and bottom liquid cooling plate



	Scheme 3
	FHPs and side liquid cooling plates



	Scheme 4
	bottom and side liquid cooling plates



	Scheme 5
	FHPs and bottom and side liquid cooling plates










 





Table 2. Material properties of components in the battery module.
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	Materials
	Density (kg/m3)
	Specific Heat Capacity (J/(kg·K))
	Thermal Conductivity (W/(m·K))





	Battery
	2300
	1072
	18.5, 18.5, 1.5



	Aluminum
	2719
	871
	202.4



	Water
	998.2
	4128
	0.6



	Heat pipe
	8978
	381
	6000










 





Table 3. Geometric parameters of prismatic lithium-ion battery.
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	Geometric Parameters
	Data





	Width
	148 mm



	Depth
	27 mm



	Height
	92 mm



	Width of electrodes
	22 mm



	Depth of electrodes
	19 mm



	Height of electrodes
	6 mm










 





Table 4. The number of batteries with a maximum temperature exceeding 70 °C with different abnormal heat generation locations and abnormal heat generation rates (ambient temperature = 25 °C).
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Abnormal Heat Generation Location

	
Abnormal Heat Generation Rates




	
250 W

	
300 W

	
350 W

	
400 W

	
450 W

	
500 W






	
No. 1

	
0

	
0

	
0

	
0

	
1

	
1




	
No. 2

	
0

	
0

	
0

	
0

	
1

	
3




	
No. 3

	
0

	
0

	
0

	
1

	
2

	
3




	
No. 4

	
0

	
0

	
0

	
1

	
3

	
3




	
No. 5

	
0

	
0

	
0

	
1

	
3

	
3











 





Table 5. The number of batteries with a maximum temperature difference exceeding 5 °C with different abnormal heat generation locations and abnormal heat generation rates (ambient temperature = 25 °C).
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Abnormal Heat Generation Location

	
Abnormal Heat Generation Rates




	
250 W

	
300 W

	
350 W

	
400 W

	
450 W

	
500 W






	
No. 1

	
1

	
1

	
1

	
1

	
1

	
1




	
No. 2

	
2

	
2

	
2

	
2

	
2

	
3




	
No. 3

	
0

	
3

	
3

	
3

	
4

	
4




	
No. 4

	
0

	
2

	
3

	
5

	
5

	
6




	
No. 5

	
0

	
1

	
2

	
4

	
7

	
10











 





Table 6. The number of batteries with a maximum temperature exceeding 70 °C with different abnormal heat generation locations and abnormal heat generation rates (ambient temperature = 40 °C).
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Abnormal Heat Generation Location

	
Abnormal Heat Generation Rates




	
250 W

	
300 W

	
350 W

	
400 W

	
450 W

	
500 W






	
No. 1

	
0

	
1

	
2

	
3

	
4

	
5




	
No. 2

	
0

	
1

	
4

	
5

	
6

	
6




	
No. 3

	
0

	
3

	
4

	
6

	
7

	
7




	
No. 4

	
1

	
3

	
5

	
6

	
8

	
8




	
No. 5

	
1

	
3

	
5

	
7

	
8

	
9











 





Table 7. The number of batteries with a maximum temperature difference exceeding 5 °C with different abnormal heat generation locations and abnormal heat generation rates (ambient temperature = 40 °C).
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Abnormal Heat Generation Location

	
Abnormal Heat Generation Rates




	
250 W

	
300 W

	
350 W

	
400 W

	
450 W

	
500 W






	
No. 1

	
1

	
1

	
1

	
1

	
1

	
1




	
No. 2

	
1

	
1

	
2

	
2

	
2

	
3




	
No. 3

	
0

	
2

	
3

	
3

	
4

	
4




	
No. 4

	
0

	
1

	
3

	
5

	
5

	
6




	
No. 5

	
0

	
1

	
2

	
4

	
7

	
9











 





Table 8. The number of batteries with a maximum temperature exceeding 70 °C under different design schemes and abnormal heat generation rates.
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Design Schemes

	
Abnormal Heat Generation Rates




	
250 W

	
300 W

	
350 W

	
400 W

	
450 W

	
500 W






	
Scheme 1

	
10

	
10

	
10

	
10

	
10

	
10




	
Scheme 2

	
9

	
10

	
10

	
10

	
10

	
10




	
Scheme 3

	
5

	
7

	
9

	
10

	
10

	
10




	
Scheme 4

	
7

	
9

	
10

	
10

	
10

	
10




	
Scheme 5

	
1

	
3

	
5

	
7

	
8

	
9











 





Table 9. The number of batteries with a maximum temperature difference exceeding 5 °C with different design schemes and abnormal heat generation rates.
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Design Schemes

	
Abnormal Heat Generation Rates




	
250 W

	
300 W

	
350 W

	
400 W

	
450 W

	
500 W






	
Scheme 1

	
5

	
6

	
7

	
8

	
8

	
8




	
Scheme 2

	
2

	
7

	
9

	
10

	
10

	
10




	
Scheme 3

	
1

	
6

	
10

	
10

	
10

	
10




	
Scheme 4

	
10

	
10

	
10

	
10

	
10

	
10




	
Scheme 5

	
0

	
1

	
2

	
4

	
7

	
9
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