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Abstract

:

Lithium-ion batteries experience rapid temperature increases with a high risk of combustion and explosion during thermal runaway, and water mist has been considered as one of the most effective cooling strategies. The water mist field can be impacted by the safety valve airflow, subsequently affecting the cooling characteristics. In this paper, the water mist nozzle with a fixed working pressure is located 1 m above the 100 Ah LiFePO4 battery to suppress the thermal runaway, and the cooling characteristics under various stages have been compared and analyzed. The results show that the development of thermal runaway can be inhibited before thermal runaway is initiated, and the water mist presents a better cooling effect after the battery safety valve is opened. The critical accumulation heat density of 155 kJ/kg has been identified, which is the threshold for thermal runaway suppression. The confrontation between water mist and the flame has been analyzed, and the water mist droplets cannot fall on the battery surface, resulting in a poor cooling rate of 0.57 kW. This means the suppression effect of water mist will be affected by the airflow impact of the safety valve.
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1. Introduction


In the context of the worldwide drive to promote the use of electric energy, lithium-ion batteries are the primary option for storing chemical energy because of their durability, high energy density, and low environmental impact [1]. Currently, the commonly employed lithium-ion batteries include lithium cobalt-acid batteries, lithium manganese-acid batteries, lithium nickel-cobalt-manganese-acid batteries, and lithium iron phosphate batteries [2]. Of these, LiFePO4 batteries are extensively applied in electric vehicles and energy storage due to their favourable characteristics such as long lifespan, low cost, and high safety levels [3].



A lithium-ion battery is primarily composed of a positive electrode, a negative electrode, a separator, a positive electrode collector, a negative electrode collector, and an electrolyte. Owing to the significant number of active materials inside and the high energy density, lithium-ion batteries exhibit irreversible thermal runaway when exposed to external conditions of overcharging, overheating and puncturing [4]. In the event of thermal runaway, the active materials inside the battery undergo intense pyrolysis reactions that generate a substantial amount of heat and flammable toxic gases [5]. These gases consist of electrolyte vapours as well as other flammable gases including hydrogen, carbon monoxide, methane and ethylene [6]. The battery is susceptible to violent jet fires after a thermal runaway event due to rapid gas production and high internal temperatures. This can cause thermal runaway to spread to neighbouring batteries and transfer the heat [7]. The thermal runaway characteristics of lithium-ion batteries depend heavily on the material used for the positive electrode. According to Doughty and Pesaran [8], lithium iron phosphate exhibits the best thermal stability and the highest thermal decomposition temperature (over 240 °C), followed by lithium manganate (220 °C), lithium nickel cobalt manganate (200 °C) and lithium cobaltate (200 °C). The thermal runaway characteristics of the battery are also directly affected by its state of charge (SOC). Zhang et al. [9] found that as the SOC increases, the thermal runaway phenomenon of the battery becomes more severe, and high SOC batteries have a higher risk of thermal runaway combustion. Ma et al. [10] found that the gas production and production rate of 18650 Li-ion ternary batteries with 100% SOC are about 1.8 times and 6 times that of 50% SOC, respectively, and the risk of thermal runaway combustion of batteries with high SOC is higher.



Due to its high temperature rise rate, heat release rate, and generation of jet fire, the thermal runaway of lithium-ion batteries is currently suppressed mainly by the two aspects of pre-runaway control and post-runaway cooling. Li Yi et al. [11] researched the effectiveness of extinguishing agents including dry powder, carbon dioxide and aqueous film-forming foam, all of which were found to suppress battery flames, but potentially cause re-ignition. Rao Hui et al. [12] explored the suppression effects of carbon dioxide, HFC-227ea and hot aerosol, discovering that battery fires can re-ignite after instantaneous extinguishing. Among these, hot aerosol had the poorest cooling effect and the shortest re-ignition interval. In their study, Xu et al. [13] examined the effectiveness of carbon dioxide, HFC-227ea, and water mist as extinguishing agents. They reported that carbon dioxide and HFC-227ea had poor cooling effects and the fire tended to re-ignite after extinguishing, whereas water mist exhibited the most effective cooling effect. Zhang et al. [14] compared the cooling effects of water mist with carbon dioxide, HFC-227ea, and C6F12O. They reported that C6F12O exhibited a poor cooling effect when used alone, but it showed the best cooling effect when used together with water mist. Furthermore, according to Zhang [15], water spraying can only delay the onset of thermal runaway, but cannot prevent its propagation. This process would lead to an increase in the concentration of carbon monoxide, hydrogen, and hydrogen fluoride, while decreasing the amount of carbon dioxide. Liu et al. [16,17,18] noted that water mist can serve as an effective inhibitor of thermal runaway before reaching the critical control temperature, as well as extinguish flames and mitigate damage under overcharge conditions, thanks to its superior cooling ability. Furthermore, water mist can effectively prevent the propagation of thermal runaway. Li et al. [19] found that the addition of 1.0% NaCl, 1.5% SDBS and 0.5% protein to water mist could improve the cooling and thermal runaway inhibition effect. According to the study by Liu [20], the synergistic use of C6F12O and water mist could significantly reduce the peak temperature and high temperature duration of thermal runaway compared to C6F12O alone. Furthermore, the effectiveness of cooling inhibition in the water mist could be improved by adding KHCO3 and K2C2O4·H2O to it.



Current research indicates that water mist is among the most effective cooling strategies. Water acts as the cooling medium, and small droplets quickly evaporate to absorb heat after encountering high temperatures without affecting the cooling effect by accumulating on the surface. In addition, water mist requires comparatively less water to extinguish a fire and reduces the likelihood of short-circuiting by not submerging the battery. However, water mist nozzles are typically closer to the batteries in most of the current studies. The initiation of thermal runaway accelerates gas production in the battery, and the rate of gas jet from the safety valve is increased. Being too close ignores the confrontation of the safety valve gas flow with the water mist. Hence, this study increases the distance between the water mist nozzle and the battery safety valve to 1 m. By observing the cooling characteristics and fire extinguishing phenomenon during the inhibition process, it investigates the effectiveness of water mist when inhibiting the thermal runaway of LiFePO4 batteries under this distance.




2. Experimental Design


2.1. Battery Samples


The experiments utilized square aluminium-cased LiFePO4 batteries with graphite as the negative electrode material. Each battery had a nominal capacity of 100 Ah, an individual mass of 1980 g and dimensions of 2160 mm × 1350 mm × 35 mm. Additionally, the batteries had a maximum cut-off voltage of 3.6 V and a minimum cut-off voltage of 2.5 V. Prior to the experiment, each battery sample had undergone two cycles on the Neware charge/discharge cycler and was charged to 100% state of charge (SOC) for experimental consistency.




2.2. Experimental Set-Up


Figure 1a shows that the test bench was constructed in accordance with the ISO9705 standard. The bench was constructed of stainless-steel plates. The upper part contained a fume hood that discharged exhaust gas through a ventilator. Additionally, there was a side panel with a high-temperature tempered glass observation window. The bottom was elevated with a water supply pipe and nozzle connection port reserved in the inner part. Prior to beginning the experiment, the battery module was placed inside the combustion chamber. Additionally, a DV recorder was positioned beyond the observation window to observe experimental phenomena. Once the battery reached the cooling condition, the fire extinguishing agent was immediately sprayed through the reserved pipe and nozzle.



As shown in Figure 1b, the battery module consisted of a steel fixture, two heat-insulation plates, a heating plate, a stress sensor and a battery. The contact area between the copper heating plate and the battery measured 2160 mm × 1350 mm. The heating switch and power were controlled by a control panel and preset to 400 W. The stress sensor measured 150 mm × 150 mm × 24 mm and had an integrated error of ±0.1~0.3% F.S. All the batteries had their external plastic rubber skin removed prior to the experiment. The location of the thermocouples is depicted in Figure 1c; they were placed in the middle of the unheated side of the experimental battery and 1 cm, 10 cm, 20 cm, 30 cm, 50 cm, 70 cm, 90 cm above the safety valve, with a diameter of 1.5 mm, a length of 3000 mm, a temperature measurement range of −100 °C~1200 °C, a measurement accuracy of ±1.5~5 °C, and a recording frequency of 1 Hz. An electronic scale was placed under the battery module to measure the mass, with a measurement range from 0 kg to 30 kg. Three types of data were monitored in the experiment: temperature data was collected using type K armoured thermocouples, stress data was collected using stress sensors, and mass data was collected in real time using electronic scales. The water mist nozzle had a working flow rate of 400 mL/min, and a design working pressure of 6 MPa. It was installed 1 m above the battery safety valve.




2.3. Cases Setting


Two aspects were explored in the experiment: first, we aimed to determine if the water mist could cool and inhibit the thermal runaway initiation of the battery; second, we aimed to assess the effectiveness of the mist in cooling and inhibiting thermal runaway of the battery. This study was designed with seven groups of cases, as presented in Table 1, to account for different stages before and after thermal runaway. Based on the most adverse condition principle, the battery SOC was set to 100% to observe the inhibition effectiveness of the water mist. As shown in Figure 2, based on the thermal runaway process in Case 1, it can be inferred that the battery temperature was 108 °C when the safety valve was open, 140 °C when the thermal runaway was initiated, and the maximum temperature of the thermal runaway was about 400 °C. In Cases 2~4, we aimed to investigate how water mist inhibited thermal runaway at different stages. Meanwhile, in Case 5 we aimed to investigate the effect of heating rate on the inhibition results. In Cases 6 and 7 we aimed to investigate the inhibition effect of cooling with water mist at different stages after thermal runaway.



The experimental equipment and battery modules were assembled and debugged before the experiments, and the stress, temperature, mass recording and heating were initiated at the same time as the experiment started, and the video recorder was turned on after 5~15 min, depending on the cases. The smoke exhaust ventilator was activated after the water mist release stopped. Depending on the cases, the heating was stopped after the water mist release stopped or the battery thermally overheated. The data loggers and water mist were turned off after each critical point was recorded, and then the experiment was terminated.





3. Experimental Results and Analyses


3.1. Analysis of Water Mist Cooling


When subjected to continuous heating, Lithium-ion batteries will gradually experience self-heating, safety valve opening and eventually thermal runaway. During this process, the battery will generate a significant amount of heat spontaneously. If not cooled promptly, the thermal runaway could spread to other batteries, creating a substantial fire hazard. Equation (1) can be used to calculate the heat accumulation of the battery itself after spontaneous heat generation.


   Q  r e m   =  Q  t o t   −  Q  a i r    



(1)




where, Qrem is the remaining heat of the battery; Qtot is the total heat transferred by the battery self-heating and the heating plate; Qair is the heat dissipated by the air.



Qrem and Qair can be calculated by Equations (2) and (3), respectively.


   Q  r e m   =  c b   m e  (  T e  −  T 0  )  



(2)






   Q  a i r   = A h    ∫ 0 T   (  T i  −  T a  ) d t    + A ε σ    ∫ 0 T   (  T i 4  −  T a 4  ) d t     



(3)




where, cb is the specific heat of the battery, which is assumed to be uniform throughout the calculation and is assigned a value of 1.38 kJ/(kg·K); me is the remaining mass of the battery; T0 and Te are the temperature of the battery at the beginning and the end of the experiment, respectively; A is the area of the battery exposed to the air; h is the air convection heat transfer coefficient, assuming the air is naturally convective in the experimental and taking the value of 10 W/(m2·K); T is the total experimental time; Ti and Ta are the battery temperature at time i and ambient temperature, respectively; ε is the surface emissivity of the battery, which takes the value 0.05 because the battery surface is a smooth aluminium surface [21]; σ is the Stefan-Boltzmann constant, which takes the value of 5.67 × 10−8 W/(m·K).



Qrem and Qair can be derived from the calculation, which can be substituted into Equation (1) to calculate Qtot at each moment of cut-off in Case 1. Taking the safety valve opening time as a reference, then the total heat production of different cases can be calculated. When cooling inhibition is intervened, the heat of water mist cooling QWM can be calculated by Equation (4).


   Q  W M   =  Q  t o t   −  Q  r e m   −  Q  a i r    



(4)







The opening of the battery safety valve causes gas to be ejected from the battery; this heat loss Qeje will be discussed below.



Assuming the distributions of stress, electrolyte and gas production within the battery after self-generated heat are uniform, and ignoring the effect of potential energy, the fluid ejected from the safety valve is assumed to satisfy Bernoulli’s law as shown in Equation (5).


  P =  1 2  ρ  v 2   



(5)




where, P is the pressure inside the battery; ρ is the density of the gas ejected from the safety valve; v is the flow rate of the gas ejected from the safety valve.



Derived from the above equation, the mass of gas ejected from the battery safety valve Mval is proportional to the integral of the square root of the battery stress F. The amount of heat Qeje, carried away by the gas ejected after the safety valve is opened can be calculated from Equation (6).


   Q  e j e   =  c b   M  v a l   Δ T = α  c b     ∫ 0 T    F  d t       ∫ 0 T   (  T i  −  T 1  ) d t     



(6)




where T1 and Ti are the temperature at the safety valve before the safety valve is opened and the battery temperature at time i, respectively; T is the total time of the experiment; α is a constant calculated from the experiment data and has the value 3.8 × 10−5.



Therefore, when the safety valve is opened, the heat of water mist cooling QWM can be calculated by Equation (7).


   Q  W M   =  Q  t o t   −  Q  r e m   −  Q  a i r   −  Q  e j e    



(7)







The mass data for Case 1 is plotted and fitted as shown in Figure 3. After the safety valve is opened, there are two drop intervals in the battery mass, corresponding to the two times when the safety valve is opened and the thermal runaway is initiated. In the first drop interval, the battery is observed to be overweight due to the reaction force of the ejected gas on it when the safety valve is relieved. During the second drop interval, it is observed that the rate of mass loss is greater in the first half and the mass is more stable in the other half. The findings suggest that the electrolyte evaporates faster and the side reactions are more intense after the thermal runaway is initiated; when the electrolyte is exhausted, the battery mass tends to stabilize and the thermal runaway process tends to end. The ExpAssoc function model has been used to fit the two drop intervals, both of which gives a correlation index R2 greater than 0.95. The high confidence level of the fit suggests that the battery mass loss is stable without serious fluctuations and could be applied to the above equation calculations.



By inputting the experiment data of each case into the calculation, as well as the water mist release time, we can derive the heat and water mist cooling rate of each part of each case, as shown in Table 2.



The cooling rates of Cases 3 to 5 are 0.80 kW, 1.06 kW and 1.52 kW, respectively, which are higher than that of Case 2 (0.08 kW), indicating that the cooling rate of water mist release is higher after the safety valve of the battery is opened, i.e., the heat transfer effect between the water mist and the jet gas is more effective when the water mist and the jet gas are convected. Using the safety valve opening and thermal runaway initiating time point of Case 1 as the basis, the corresponding Qtot for each case from the start of heating to the end of extinguishing can be calculated. On the assumption that the batteries underwent the same thermal runaway process in each case, the heat difference of each part affected by the water mist can be derived by subtracting the heat of each part in Cases 2 to 5 from the corresponding stage in Case 1, as shown in Figure 4. The main role of the water mist cooling part is: Cases 2, 4 and 5 mainly Qrem, accounting for 92.5%, 102.4%, and 92.6%, respectively; Case 3 mainly Qeje, accounting for 83.2%. It is noticed that there are cases where the percentage heat difference is greater than 100%. This is due to the fact that water droplets reduce the temperature on the surface of the battery, and this reduction affects the convective and radiative heat transfer with the air, making the Qair difference negative. The percentage of heat difference indicates that when the battery is violently ejected, the water mist cooling mainly works to suppress the ejected heat, but otherwise mainly works to reduce the temperature of the battery itself. As there is a component of water mist cooling after reaching the highest temperature during thermal runaway in Cases 6 and 7, further analyses will be conducted separately in the following section.



Prior to the release of water mist, the temperature rise rate of the battery increases over 400 s and stabilizes after 400 s. The temperature rise rates of Cases 2~4 are about 0.07 °C/s and that of Case 5 is about 0.11 °C/s. Following the release of the water mist, the temperature rise rate reduces differently in each case, of which Case 3 decreases the most, and the duration of battery fire extinguishing of Cases 3~5 is similar, which is about 15 s. This is because the heat storage of the battery is less and the self-produced heat rate is slower before the onset of thermal runaway, which means that the main reason for the battery temperature rise is still the heat transfer from the heating plate. At this time, the application of water mist cooling can inhibit the battery temperature rise. After the application of water mist cooling, the temperature of the battery in Cases 2~5 remains stable before and after the time of thermal runaway initiation in Case 1. Cases 2 and 3 remain stable at about 100 °C, while after a longer heating time in Cases 4 and 5, the battery temperature remains stable at about 120 °C. The accumulated heat density is introduced and its calculation is shown below in Equation (8).


   Q ˙  =  c b  (  T i  −  T 0  )  



(8)




where cb is the specific heat of the battery, which is assumed to be uniform throughout the calculation and is assigned a value of 1.38 kJ/(kg·K); T0 and Ti are the battery temperatures at the start of heating and at any time i, respectively.



The critical accumulated heat density for thermal runaway is noted at 155 kJ/kg for the battery in Case 1 at the onset of thermal runaway. As shown in Figure 5, after the water mist is released, the increase in the accumulated heat density in Cases 2, 4 and 5 immediately slows down, and after a period, the increase gradually stops and turns into a downward trend; while in Case 3, the accumulated heat density of the battery immediately decreases after the water mist is released. Clearly, the small-diameter water droplets falling on the battery surface could immediately evaporate and absorb the heat, and will not form a water film on the battery surface which could affect the subsequent droplet evaporation to dissipate the heat. Before and after water mist cooling, the maximum accumulated heat density of the batteries in Cases 2~5 is 108 kJ/kg, 120 kJ/kg, 124 kJ/kg and 124 kJ/kg, respectively, which is less than the critical value of 155 kJ/kg. In conclusion, the release of water mist before the onset of thermal runaway is effective in suppressing the thermal runaway of the batteries.



For Case 6, since the release of water mist occurs at the initiation of thermal runaway, the cooling process of water mist should be divided into two stages: inhibition before and cooling after the end of thermal runaway, and the cut-off point is at the moment when the battery reaches its maximum temperature. Applying the equation above, the value of Qrem, Qtot, Qair, Qeje and QWM is 756.2 kJ, 1058.7 kJ, 29.0 kJ, 191.1 kJ and 82.4 kJ, respectively in the first stage, and the cooling rate of the water mist is 0.78 kW. Compared to this stage of Case 1, Qrem decreases by 150.3 kJ and Qair and Qeje increases by 12.0 kJ and 66.5 kJ, respectively in the first stage of Case 6, indicating that the heat accumulated inside the battery decreases and the heat ejected from the battery increases. Figure 6 shows that the thermal runaway initiation time is delayed by 231 s compared to Case 1. This delay allows more heat to accumulate inside the battery, resulting in a more intense thermal runaway process and more heat being removed by the gas jet. It can be deduced from the fact that the maximum surface temperature of the thermal runaway battery increases by almost 15 °C and the average temperature of the battery safety valve increases by almost 140 °C. The duration of thermal runaway in Case 6 is nearly 80 s less than in Case 1. Since the above thermal runaway process is more intense, it could be considered that although the water mist cannot reduce the thermal runaway of the battery, it can reduce the total duration of thermal runaway, thus reducing the loss due to thermal runaway of the battery. As the cooling rate is slightly lower in the first stage of Case 6 than in Cases 2~5, and there is an obvious confrontation and delamination phenomenon between the water mist and the battery flame in the experiment, it could be inferred that this phenomenon is the reason for the slightly lower cooling rate of the water mist, which will be analysed in the following sections.



During the second stage of Case 6, the thermal runaway of the battery ceases and it no longer produces heat by itself, and at this time the water mist cooling all acts on the remaining heat of the battery. Subtracting the total QWM of Case 6 from that of the first stage, the QWM of the second stage is 498.0 kJ, which can be calculated as a cooling rate of 0.33 kW, and that of Case 7 is 0.34 kW. According to Figure 7, Case 6 has a shorter actual cooling time, and the time required to cool the battery to 100 °C is reduced by 295 s compared to Case 7. There is no significant difference between the cooling rate of Cases 6 and 7 when the battery temperature is above 225 °C; when the battery temperature drops to 225 °C, the cooling rate of Case 6 increases significantly and is much higher than that of Case 7. This is because in Case 6, water mist is released at the onset of thermal runaway, which leads to cooling throughout the entire process of the battery thermal runaway. While the violent thermal runaway cannot be suppressed, the continuous cooling can shorten the duration of the thermal runaway. Coupled with the higher cooling rate and shorter cooling time at the location shown in Figure 7a in the second stage of Case 6, it could be inferred that when the thermal runaway ceases, the internal temperature of the battery is lower than that in Case 7. Since the internal temperature of the battery during thermal runaway is much higher than the surface, there is a certain delay when using surface temperature to judge the trend of internal temperature. The significant ‘dive’ in the battery temperature curve when the temperature decreases to 225 °C, compared to Case 7, reflects the lower internal battery temperature in Case 6.



The violent pyrolytic reaction between the electrolyte and the cathode material will generate a large amount of heat during the thermal runaway of the battery [22]. The internal structure of the battery is irreversibly damaged when the separator melts, which directly lead to the initiation of the thermal runaway [23]. In other words, the collapse and melting of the separator directly causes the reaction between the electrolyte and the cathode material. From Figure 8, it is clear that the three parts of each curve can well match the three stages of the accumulative heat density increase of the thermal runaway process in lithium ion batteries: the first stage of the SEI film pyrolysis corresponds to the slowly rising part of the curve; the second stage of the separator collapse and melting corresponds to the jumping part of the curve; and the third stage of the violent reaction between the anode and cathode material corresponds to the rapidly rising part of the curve. It should be noted that the melting of the separator is a rare endothermic reaction during the thermal runaway process, which corresponds to the decline in the slope of the curve in the second stage of the process. During the process of melting, the PE separator has a heat absorption of 190 J/g, while the PP separator has a heat absorption of 90 J/g [24]. When the separator starts to melt, the pyrolysis reactions inside the battery are intensified, so the slope of the curve at the beginning of the second stage is higher than that of the first stage. Upon the large-scale melting of the separator, the heat absorption rate increases and the slope of the curve decreases significantly until the separator is melted. The thermal runaway process could not be prevented in the second stage due to the irreversible damage to the internal structure of the battery, even if Case 6 intervened with water mist for cooling. Hence, the critical heat density accumulation of 155 kJ/kg at the initiation of the second stage is identified as the critical point to determine whether the initiation of thermal runaway can be inhibited.



In conclusion, water mist performs well in cooling and preventing thermal runaway when the battery has not initiated thermal runaway yet. When reaching the second stage of thermal runaway process, the battery separator starts to melt, then the application of water mist could not be able to inhibit the occurrence of thermal runaway, but it can reduce the duration of thermal runaway and the cooling time required after it happens, thus reducing the loss caused by thermal runaway of the battery.




3.2. Analysis of Water Mist against Thermal Runaway Flames


During thermal runaway, the active materials inside the lithium-ion battery will undergo a violent pyrolysis reaction. During the material pyrolysis process, a certain amount of H2, CO, CO2 and hydrocarbon gases are generated, of which H2 accounts for more than 99% [25], and the electrolyte is evaporated rapidly due to the considerable heat generated from the battery. During thermal runaway, a large amount of high-temperature greyish-white smoke is ejected from the safety valve at a high speed, and sometimes the battery flame extinguishes because the smoke is ejected too fast and mixes unevenly with the air. After the thermal runaway is initiated, a turbulent flame is formed above the safety valve. When applying water mist during this time, an obvious confrontation phenomenon between the water mist and the flame can be observed. This means the water droplets are unable to fall on the battery surface normally, which causes a reduction in cooling efficiency.



Figure 9 depicts the flame temperature and the change rate curve above the safety valve in Cases 6 and 7 during thermal runaway, of which the upper half of Figure 9a shows the temperature curve at the slightly higher flame temperature in Case 6 and the lower half the temperature curve at the slightly lower flame temperature, and the dotted line is the time of water mist release in Case 6. Upon the release of water mist, the temperature at 30 cm and 50 cm above the safety valve in Case 6 decreases rapidly, and the temperature increases rapidly with the intensifying combustion and is higher than that in Case 7; the temperature at 70 cm above the safety valve also shows a tendency to decrease followed by a rapid increase, but the temperature here is lower than that in Case 7; the temperature at 90 cm above the safety valve decreases rapidly and remains stable. It happens because when the thermal runaway is initiated, the gas ejection speed of the safety valve gradually increases, and the water mist gradually becomes unable to suppress the turbulent flame ejected at a high speed, and the flame height gradually increases. The pressure of water mist compresses the top of the flame, and the heat carried by the flame is also compressed below the distortion region, and the temperature of the flame in this region is also higher due to the heat storage; the distortion region of the flame is affected by the cooling of water mist, and the overall temperature is lower than that of the non-extinguishing case, although the temperature increases faster in the development of thermal runaway; the temperature in the flame distortion region is maintained at a lower level due to the continuous cooling of water mist. It could therefore be determined that the flame distortion region is the region where the water mist confronts with the thermal runaway flame. The temperature is stable at a lower level above this region, and fluctuates greatly due to the flame fluctuation and the confrontation in this region. Compared to the non-extinguishing case, in this region the temperature is lower. However, in the immediate vicinity below this region, the temperature is higher and flame is more intense [26]. Figure 9b shows the variation curves of the temperature rise rate in the flame rise stage after the release of water mist, and the temperature rise rate is higher at 30 cm, 50 cm and 70 cm above the safety valve in Case 6. It is noted that for Case 6, although there is no high temperature section, the temperature rise rate is higher in the low temperature section at 70 cm, and both the temperature and the temperature rise rate are higher at 50 cm. The impact of water mist on flames can be divided into two main parts: one is to cool the heat at the top of the flame, suppressing the high temperature in the confrontation region; the other is to compress a proportion of the heat in the confrontation region, increasing the rate of temperature rise in the low-temperature region and the temperature as well as the rate of temperature rise in the adjacent regions below. Assuming that the batteries have the same rate of jet heat production at the same height and at the same moment of thermal runaway, the rate of heat change in the confrontation region and the adjacent region below is shown in Equations (9) and (10):


    Q ˙   z o n e   =   Q ˙   p r o d   −   Q ˙   W M   −   Q ˙   c o m p    



(9)






    Q ˙   z o n e −   =   Q ˙   p r o d   +   Q ˙   c o m p    



(10)




where     Q ˙   z o n e     and     Q ˙   z o n e −     are the rate of heat change in the confrontation region and the adjacent region below, respectively;     Q ˙   p r o d     is the rate of heat production in each region;     Q ˙   W M     is the rate of cooling by the water mist;     Q ˙   c o m p     is the rate of heat change compressed by the water mist.



The region with the highest flame fluctuation is identified as the confrontation region between the water mist and the thermal runaway flame. This region shows the highest fluctuation of the temperature rise rate in each period. The temperature increase rate curves at different points above the safety valve for Case 6 are shown in Figure 10. It is evident that the confrontation region initially rises and then decreases during the thermal runaway process. When the water mist is released, the confrontation region is at 30 cm above the safety valve, and it subsequently rises to 50 cm and 70 cm after 15 s and 35 s, respectively. Around 20 s later, the confrontation region gradually drops to 50 cm and stabilizes below 30 cm after 25 s, and the flame is extinguished after 44 s. During the development of thermal runaway, the height of the confrontation region tends to rise slowly from 30 cm to a maximum of 70 cm, then falls back and stabilizes for a long time at 50 cm, and finally falls more rapidly until the flame is extinguished. The reason for it is, in the thermal runaway process, the reaction rate inside the battery quickly reaches its peak and remains stable, and after a while the internal active material decreases so that the reaction rate decreases faster. The confrontation region in this case remains at 50 cm for most of the time, accounting for 40.4%. The flame morphology illustrated in Figure 11 is affected the most by the confrontation: at this stage, the safety valve gas jet speed increases, so that the upward force generated by the flame jet increases, and gradually matches the downward force of the water mist. As the gas pressure decreases with increasing height, the flame flow rate is high at the bottom and low at the top, the flame width is small at the bottom and large at the top, and the flame morphology is also “conical”. At a distance of 30 cm, the jet speed of the safety valve is too low, so that the flame cannot fight against water mist, and the flame morphology is shown as “stacked”; at a distance of 70 cm, on the other hand, the jet speed of the flame is too high, so that the water mist can only suppress a small region at the top of the flame, and the flame morphology is shown as “T-shaped”. Compared with Case 7, the water mist primarily affects the flame morphology in other periods, except when the thermal runaway reaches the peak: before the thermal runaway reaches the peak, the flame height could be compressed to a certain extent; after the thermal runaway reaches the attenuation period, the flame height could be compressed and the flame extinguishing could be accelerated.



According to the heat calculation table in Chapter 3.1, the heat removed from the battery by the water mist in Cases 6 and 7 is 580.3 kJ and 592.1 kJ, respectively, and the heat remaining in the battery at the end of the thermal runaway in the two cases is 756.2 kJ and 880.4 kJ, respectively. Assuming that the total heat production during thermal runaway is the same in the two cases, the difference in the remaining heat at the end of thermal runaway is 124.2 kJ, which is the cooling amount of water mist during the thermal runaway period, so the total cooling amount of water mist in Case 6 could be divided into two parts, 124.2 kJ during the thermal runaway period and 456.1 kJ after the thermal runaway. It indicates that during thermal runaway, the cooling amount of water mist accounted for 21.4% of the total cooling, and the cooling rates of the two parts are 0.57 kW and 0.33 kW, respectively. In Case 6, the cooling duration in thermal runaway accounts for only 13.5% of the total cooling, and the cooling duration after the end of thermal runaway is 295 s shorter than that in Case 7. This suggests that while the long release distance challenges the water mist in its ability to fight against the thermal runaway flame, and the water droplets could not normally fall on the battery surface and inhibit the development of thermal runaway, it could still maintain a better cooling effect and reduce the damage of thermal runaway and the difficulty of subsequent cooling.





4. Conclusions


(1) In the case of thermal abuse of a 100 Ah square LiFePO4 battery, the release of water mist before the initiation of thermal runaway could inhibit the development of thermal runaway, and the cooling effect is better after the opening of the battery safety valve, and the cooling rate is improved by more than 10 times compared with the unopened case. Once thermal runaway has been initiated, water mist cannot prevent the development of thermal runaway, but it could significantly shorten the total duration of thermal runaway and reduce the cooling time after thermal runaway.



(2) The use of water mist could only inhibit the development of thermal runaway until the battery reaches a critical accumulated heat density of 155 kJ/kg. After exceeding this point, due to the irreversible damage to the internal structure of the battery, water mist cannot suppress the fire, but could only shorten the duration of thermal runaway and the cooling time required after thermal runaway, thus reducing the losses.



(3) During thermal runaway of the battery, a phenomenon is observed where water mist is fighting against the flame. The impact of the confrontation primarily involves two parts: first is to cool the heat of the flame at the top, inhibit the high temperature in the confrontation region; second is to compress part of the heat in the confrontation region, increase its low-temperature temperature rise rate and its adjacent region of temperature and temperature rise rate below. The confrontation affects the morphology of the flame 50 cm above the safety valve the most, with the flame forming a “cone” with a small bottom and a large top. Although the water mist droplet could not fall properly on the surface of the battery due to the confrontation effect, it could still maintain a good cooling rate of 0.57 kW.
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Figure 1. Experimental setup: (a) schematic diagram of experimental bench; (b) schematic diagram of the battery module; (c) thermocouple layout. 
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Figure 2. Battery thermal runaway temperature curve in Case 1. 
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Figure 3. Battery mass curve. (The red line represents the fitted curve for the first mass descent and the blue line represents the fitted curve for the second mass descent). 
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Figure 4. Ratio of heat difference in each part of the battery for Cases 2~5. 






Figure 4. Ratio of heat difference in each part of the battery for Cases 2~5.



[image: Crystals 13 01346 g004]







[image: Crystals 13 01346 g005] 





Figure 5. Variation curves of accumulated heat density of cells in Cases 2~5. (The dark red horizontal line represents the critical accumulated heat density). 
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Figure 6. Variation curves of thermal runaway temperature of batteries in Cases 1 and 6. 
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Figure 7. Cooling process curves at the end of thermal runaway of cells in Cases 6 and 7: (a) temperature curves; (b) cooling rate curves. (The blue line represents a battery temperature of 225 °C). 
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Figure 8. Variation curves of accumulated heat density of batteries for Cases 1, 6 and 7. (The yellow line represents the critical accumulated heat density). 






Figure 8. Variation curves of accumulated heat density of batteries for Cases 1, 6 and 7. (The yellow line represents the critical accumulated heat density).



[image: Crystals 13 01346 g008]







[image: Crystals 13 01346 g009a][image: Crystals 13 01346 g009b] 





Figure 9. Flame temperature and rate of change curve of thermal runaway safety valve for Cases 6 and 7: (a) temperature; (b) temperature change rate. (The blue vertical line represents the water mist release time point). 
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Figure 10. Temperature rise rate curves at various locations above the safety valve for Case 6. 
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Figure 11. Thermal runaway flame morphology for Cases 6 and 7: (a) Case 6; (b) Case 7. 
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Table 1. Cases settings.
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	No.
	SOC
	Water Mist

Release Temperature
	Description of Cases





	Case 1
	100%
	\
	non-extinguishable



	Case 2
	100%
	80 °C
	safety valve not open



	Case 3
	100%
	108 °C
	extinguish the fire as soon as the safety valve is opened



	Case 4
	100%
	~116 °C
	extinguish the fire 3 min after opening the safety valve



	Case 5
	100%
	~107 °C
	extinguish the fire 3 min after opening the safety valve, 1.5 times the heating power



	Case 6
	100%
	140 °C
	extinguish fire immediately after thermal runaway



	Case 7
	100%
	400 °C
	cooling after thermal runaway maximum temperature










 





Table 2. Statistics of heat and water mist cooling rate of each part of each case.
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	No.
	Qrem

(kJ)
	Qtot

(kJ)
	Qair

(kJ)
	Qeje

(kJ)
	QWM

(kJ)
	Cooling Rate

(kW)





	Case 1
	841.6
	993.8
	27.6
	124.6
	\
	\



	Case 2
	197.8
	229.9
	9.6
	\
	22.5
	0.08



	Case 3
	228.8
	250.8
	11.6
	0.1
	10.3
	0.80



	Case 4
	220.4
	266.6
	16.2
	17.0
	13.1
	1.09



	Case 5
	209.5
	257.7
	9.0
	12.0
	27.3
	1.52



	Case 6
	173.6
	1058.7
	113.7
	191.1
	580.3
	0.36



	Case 7
	184.7
	1033.1
	133.5
	122.8
	592.1
	0.34
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