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Abstract

:

Better understanding of how internal short circuit causes thermal runaway will benefit the engineering for safer lithium-ion batteries. In this study, three-dimensional (3D) numerical simulations of a 20Ah lithium battery under internal shorting condition are performed. The effects of internal short circuit area, resistance, penetration depth, convective heat transfer coefficient and internal short circuit position, on the thermal runaway are investigated with the simulations in this work. This study demonstrates that the average cell temperature is only weakly affected by the internal short circuit area, penetration depth, and position. On the other hand, the internal short circuit resistance and the convective heat transfer coefficient have large impacts on the thermal runaway propagation in the lithium-ion battery. A high convective heat transfer coefficient can effectively suppress the thermal runaway propagation. However, such a high convective heat transfer coefficient is hard to achieve at the cell surface.
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1. Introduction


The world is at a critical time for climate and energy. Since the beginning of the 19th century, average global temperatures have increased by 1.1 °C, with obvious effects on weather and climate. Excessive development and consumption of energy and environmental pollution have become topics of widespread concern at present and in the future [1,2,3]. Therefore, the lithium-ion battery is one of the most promising options for powering electric vehicles, which has the benefits of high operating voltage, high capacity, extended life cycle, and environmental friendliness [4,5]. However, lithium-ion batteries are questioned because they are prone to thermal runaway, impeding the popularization and further development of electric vehicles [6]. The term “thermal runaway” means the overheating occurrence in which the lithium-ion battery’s internal ensuing chain reaction accelerates the rate at which the battery’s temperature rises [7]. To more clearly illustrate the thermal runaway phenomenon of lithium-ion batteries, Feng, X et al. [8] built a 3D reaction kinetics-based thermal runaway model. Compared with the experimental data, the model predicted well the thermal responses of the prismatic battery under the ARC (Accelerating Rate Calorimeter) test. MacNeil and G-H. Kim [9,10] proposed one-equation and four-equation models based primarily on the Arrhenius equation, which have been frequently used to analyze lithium-ion battery thermal runaway and have been expanded to multi-dimensional lithium-ion batteries by ANSYS Fluent [11] and other platforms.



The study finds that the overcharge, over-discharge, internal short circuit, external short circuit, aging, high and low temperature environment and extrusion deformation of lithium batteries are major causes of thermal runaway [12]. According to the statistics of reference [13], internal short circuit was to blame for 52% of lithium-ion battery thermal runaway incidents, while external short circuit was to blame for 26% of those incidents. One of the common damages to a battery is short circuit, which may be proven, and overall lithium-ion battery security is put at jeopardy. However, internal shorting has a lengthy early incubation period, which gives sufficient time for its detection and prediction as a prevalent cause of thermal runaway. Hence, studying the mechanism, process and detection methods of internal short circuit is of great significance for improving the overall safety of lithium-ion batteries and reducing the occurrence of electric vehicle accidents [14]. At the same time, there are many causes which result in internal short circuits. Mechanical abuse leads to battery deformation and foreign body intrusion, forming positive and negative electrical connections [15,16,17]. Electrochemical abuse can give rise to lithium precipitation and dendrite growth, resulting in internal shorting between negative and positive electrodes [18]. Thermal abuse can result in rupture of the separator, contributing to positive and negative electrode contact, both eventually causing internal short circuits [19]. Additionally, the internal shorting process of a battery is a sophisticated physical and chemical process that integrates multiple disciplines, including electrochemistry, thermodynamics and heat conduction [20,21].



To date, a multitude of scholars have carried out research such as experiments and simulations. Jones, Harry P [22] proposed the Blunt rod test. H. Maleki [23] developed two spherical indenters to squeeze the square battery. Binbin Mao et al. [24,25] adopted the traditional acupuncture method. The experimental test of these methods is quite different from the actual self-initiated process of an internal short circuit. Researchers have proposed a variety of internal short-circuit simulation experimental methods that are different from mechanical abuse testing methods so as to make up for this defect. C. J. Orendorff [26] studied an internal short circuit by heating low melting point metal arranged inside the lithium-ion battery. B. Barnett [27] arranged metal particles in the interior of a lithium-ion battery, and then repeatedly charged and discharged. Zhang M et al. [28] developed memory alloys to be inserted into the interior of the lithium-ion battery. P. Ramadas et al. [29] perforated the lithium-ion battery separator to create an internal short circuit. Huang, Z et al. [30] investigated how the higher the SOC (State of Charge) value of the battery, the higher the possibility and risk of thermal runaway of the LiFePO4 battery after penetration between the simulation and acupuncture experiments, and detected that the temperature peak is proportional to the SOC of the lithium-ion battery. Due to the large cost of conducting internal short circuit experiments on lithium batteries, it is necessary to perform numerical simulations on it. Tommy Georgios Zavalis [31] built up a 2D model of a NCA(LiNi0.8Co0.15Al0.05O2) lithium-ion battery, and conducted a simulation study on three situations of external short circuit, acupuncture and internal short circuit caused by aluminum metal impurities, but did not include the thermal runaway. It was discovered that the three cases’ variations in short circuit current over time were quite comparable. Wei Zhao et al. [32,33] developed a 3D electrochemical–thermal coupled model to investigate the process of internal shorting, and discovered that the internal shorting resistance and the number of short circuit electrode layers had the greatest impact on the electrochemical and thermal performance of lithium-ion batteries. Wenxin Mei [34] investigated how, the larger the diameter of the nail, the lithium battery showed greater heat dissipation when the lithium-ion battery does not experience thermal runaway. Xuning Feng et al. [35,36,37,38] developed a 3D model for internal short circuit propagation during thermal runaway. It has been discovered that modifying the separator to raise the thermal runaway trigger temperature, lowering the overall electricity liberated during thermal runaway, increasing the standard of heat release, and adding an additional heat-insulation between adjacent batteries, can all help to reduce the generation of thermal runaway. Hao Hu [39] aimed to obstruct the dissemination of the thermal reaction chain inside the single cell by lowering the temperature of the four phases of the battery’s thermal runaway process.



To sum up, few simulation studies have been conducted by combining the electrochemical heat generation model of the initial short circuit process with the chain heat release model of thermal runaway. In this study, the short circuit process of a 20 Ah large capacity lithium-ion battery is modeled, and the shorting resistance of the internal shorting is simulated by the patch function of ANSYS Fluent. If a 2D model is used to simulate the thermal runaway of short circuit in the battery, the electrochemical, dynamic heat transfer and convective heat dissipation processes in the height direction are ignored. In this way, a series of chemical reactions that occur inside the battery due to thermal runaway cannot be accurately described, and it does not fit the experimental data well. Therefore, a 3D electrochemical heat simulation is carried out in the initial stage of the short circuit. Next, the thermal runaway resulting from the internal shorting and the propagation process of the temperature inside the battery is simulated. Finally, the effects of the internal short circuit area, resistance, convective heat transfer coefficient, penetration depth, and short-circuit location on thermal runaway of lithium batteries are carefully discussed with the simulations. The aim of the research is to find the key factors that affect the thermal runaway of the single cell, provide a reference for researchers to study the propagation mechanism of thermal runaway and suppress the thermal runaway of the single cell, and make the occurrence of battery thermal runaway accidents less frequent.




2. Modeling Method


2.1. ECM Model


The difficulty of lithium-ion battery modeling comes from its involvement of multi-scale and multi-physics problems. The multi-scale problem in this study is handled with a multi-scale multi-domain (MSMD) modeling scheme provided in ANSYS Fluent. For the electrochemical scale of the problem, the ECM (Equivalent Circuit Model) is adopted in this study. In the ECM model, the lithium-ion battery is modeled as a circuit form [40], and the electrochemical thermal behavior of the lithium battery can be well simulated. Figure 1 depicts the diagram of the geometry and mesh for the modeling of lithium-ion batteries. The prismatic battery has a thickness of 7.2 mm, a height of 129 mm and a width of 218 mm [40]. The mathematical formulation of the ECM [41] approach is:


  V =  V  O C V   ( S O C ) −  V 1  −  V 2  −  R S  ( S O C ) I ( t )  



(1)






    d  V 1    d t   = −  1   R 1  ( S O C )  C 1  ( S O C )    V 1  −  1   C 1  ( S O C )   I ( t )  



(2)






    d  V 2    d t   = −  1   R 2  ( S O C )  C 2  ( S O C )    V 2  −  1   C 2  ( S O C )   I ( t )  



(3)






    d ( S O C )   d t   = I ( t ) / 3600  Q  r e f    



(4)







In these Equations,    V  O C V    ,   R s   ,   R 1   ,   C 1   ,   R 2   ,   C 2    are functions of SOC, the experimental data refer to ref [40] for parameters of different discharges, and these SOC equations are fitted using the following Equations:


   V  O C V   = 3.5 + 0.31 S O C − 0.0178 S O  C 2  − 1.031 S O  C 3  − 1.031 exp  (  − 24 S O C  )   



(5)






   R s  = 0.035 + 0.1562 exp  (  − 24.37 S O C  )   



(6)






   R 1  = 0.04669 + 0.3208 exp  (  − 29.14 S O C  )   



(7)






   R 2  = 0.04984 + 6.604 exp  (  155.2 S O C  )   



(8)






   C 1  = 703.6 − 752.9 exp  (  13.51 S O C  )   



(9)






   C 2  = 4475 − 6056 exp  (  27.12 S O C  )   



(10)






   j  E C h   = I    Q  total      Q  r e f   V o l    



(11)






    q ˙   E C h   =  j  E C h    [   V  o c v   −  (   φ +  −  φ −   )  − T   d U   d T    ]   



(12)







The internal short circuit process of the battery is simulated by the electrochemical process using the ECM model and the patch command in ANSYS Fluent. After the 1 s ECM model turned on, it is turned off, and then the simulation only employed the thermal runaway model.




2.2. Internal Short Circuit Model


The patch function in ANSYS Fluent is used to simulate the internal short circuit process of the lithium-ion battery in order to characterize it. Figure 2 displays the mesh and short circuit geometry for the modeling of lithium-ion batteries. When an internal short circuit occurs in a lithium-ion battery, it is equivalent to the high rate discharge under extremely small resistance, and a great deal of heat will be produced, resulting in thermal runaway.



The short circuit current density and heat source terms are as follows:


   j  s h o r t   = a  j  s h o r t   = a  (   ϕ +  −  ϕ −   )  /  r c   



(13)






    q ˙   s h o r t   = a   (  ϕ +  −  ϕ −  )  2  / r  



(14)








2.3. Thermal Runaway Model


This study replicates the heat runaway that happens when acupuncture is applied to a battery. There are two steps to the entire heat generating process. The lithium battery is short-circuited in the first stage as a result of the needling, and heat is produced at the nail-hole interface. The temperature of the battery increases rapidly as a result of the heat produced. In the second stage, the temperature rise caused by the electrochemical reaction causes the chain of exothermic reactions one by one. As a result, the side reaction is quite severe if the lithium-ion battery experiences thermal runaway. In order to accurately simulate the thermal runaway of batteries, it is crucial to be able to thoroughly analyze the chain of exothermic reactions inside the lithium-ion batteries. This study adopts a four reaction model to simulate the thermal runaway behaviors inside the lithium-ion battery cell, while the parameters and initial values for the thermal runaway model are shown in Table 1.



	
Solid electrolyte interface (SEI) decomposition reaction:


    d  c  s e i     d t   = −  A  s e i   · exp [ −    E  s e i     R T   ]  c  s e i    m  s e i      



(15)







	
Anode-electrolyte reaction:


    d  c  n e     d t   = −  A  n e   · exp [ −    t  s e i      t  s e i , r e f     ] exp [ −    E  n e     R T   ]  c  n e    m  n e      



(16)







	
Cathode-electrolyte reaction:


    d α   d t   =  A  p e   · exp ( −  E  p e   / R T )  α   m  p e , 1       ( 1 − α )    m  p e , 2      



(17)







	
Electrolyte decomposition reaction:


    d  c  c e     d t   = −  A e  · exp [ −    E e    R T   ]  c e   m e     



(18)







As the anode and electrolyte reactions proceed, the SEI layer is growing:


   t  s e i   =  t  s e i , 0   +  (   c  n e g , 0   −  c  n e g    )   



(19)







The total heat (in W/m3) produced by the thermal runaway can be calculated:


    q ˙   a b u s e   =  H  s e i    W  s e i    |    d  c  s e i     d t    |  +  H  n e    W  n e    |    d  c  n e     d t    |  +  H  p e    W  p e    |    d α   d t    |  +  H e   W e   |    d  c e    d t    |   



(20)











2.4. Internal Short Circuit Thermal Runaway Model


Finally, the above model is synthesized as follows:


  ∇ ⋅  (   σ +  ∇  φ +   )  = − (  j  E C h   −  j  s h o r t   )  



(21)






  ∇ ⋅  (   σ −  ∇  φ −   )  =  j  E C h   −  j  s h o r t    



(22)






    ∂ ρ  C p  T   ∂ t   − ∇ ⋅ ( k ∇ T ) =  σ +     |  ∇  ϕ +   |   2  +  σ −     |  ∇  ϕ −   |   2  +   q ˙   E C h   +   q ˙   s h o r t   +   q ˙   a b u s e    



(23)







Table 2 is a list of the lithium-ion battery parameters used in this investigation. The flow chart of the model is shown in the Figure 3.



In this study, the internal shorting area is 10 mm × 10 mm, the internal shorting resistance is 0.01  Ω , the penetration depth is 100%, and the convective heat transfer coefficient is h = 100 W/(   m 2  · K  ) as the benchmark arithmetic example. Then, we change one of the variables at a time, observe its changes, and discuss the impact of the short circuit location on the thermal runaway of the lithium-ion battery. Figure 2 and Figure 4 depict the models of the internal shorting position.




2.5. Initial and Boundary Conditions


	
Assume the initial condition is T = 25 °C [49,50].



	
The boundary conditions are selected as the third type of boundary conditions: [49,50].







   − k   ∂ T   ∂ n   = h ( T −  T ∞  )   



(24)






2.6. Model Validity


To validate the thermal abuse model, we simulate the thermal runaway experiment of acupuncture in reference [51], where a standard square battery is acupunctured to generate thermal runaway. Thereafter, the battery temperature will rise rapidly. After the temperature reaches the maximum, it will start to decrease due to the depletion of the materials in the battery. Figure 5 shows the average temperature of the battery for the basic model simulated in this paper and the experimental data in reference [51]. The comparison between the simulation results and the experimental results show good agreement.





3. Results and Discussions


3.1. Effect of Internal Short Circuit Area


The modeling approach carefully investigates and discusses the impacts of the internal short circuit area. The investigation is performing simulations specifying the internal short circuit area as 2 mm × 2 mm, 3 mm × 3 mm, 5 mm × 5 mm, and 10 mm × 10 mm, while keeping all other conditions identical. When a short circuit occurs, the current increases sharply, and the chemical reaction generates reaction heat and joule heat which drives the temperature to rise rapidly until reaching the peak temperature. After reaching its peak, the battery’s internal reaction heat slowly dissipates, causing the temperature to decrease. As seen in Figure 6, the fact that the lithium-ion battery’s average temperature is roughly the same 50 s before thermal runaway suggests that the internal short circuit area of the battery has minimal effect on the average temperature. The lithium-ion battery average temperature increases after 50 s of thermal runaway in direct proportion to the size of the internal short circuit area. It demonstrates that a significant quantity of heat is generated inside the lithium-ion battery after the thermal runaway starts. The average temperature rises because more heat is produced in larger areas, as implied by the analysis implied in Equation (14). According to the study, thermal runaway is not significantly influenced by the internal short circuit area.



As seen in Figure 7 and Figure 8, the temperature in the cell is rather uneven, with the internal short circuit region experiencing the maximum temperature. Thermal runaway is not significantly influenced by the internal short circuit area. In the vicinity of the internal short circuit, a large amount of heat is suddenly released within 1 s and induces highly localized high temperature. Then, by means of heat conduction, the temperature is dispersed over a larger surface inside the lithium-ion battery. Huang, Z [30] also found a weak effect on the peak temperature of the battery with different diameters of nails in experiment.




3.2. Effect of Internal Short Circuit Resistance


As seen in Figure 9, Figure 10 and Figure 11, the internal short circuit resistance has a significant impact on the lithium-ion battery during the internal short circuit induced thermal runaway. The effects of internal short circuit resistance are specifically investigated and discussed by the modeling approach. The internal short circuit resistances of 0.005, 0.01, 0.02 and 0.03 Ω were specified for the internal short resistance while all other variables were kept identical. The maximum temperature of the battery, or more precisely, the rise in temperature of the short-circuit component, can be found to be significantly influenced by the internal short circuit resistance. According to the analysis implied in Equations (13) and (14), the internal short circuit current of lithium-ion batteries reduces as short-circuit resistance increases. The principal source of heat generation at the early stage of the internal short circuit is the joule heat produced by the internal short circuit current, which is inversely proportional to the internal short circuit resistance. The capability for heat production increases with decreasing resistance (increasing conductivity). The lithium-ion battery average temperature and local maximum temperature are larger because its internal short circuit is equivalent to high current discharge, and the degree of change is evident.




3.3. Effect of Internal Short Circuit Penetration Depth


As shown in Figure 12, the lithium-ion battery is less affected by the depth of the internal short circuit penetration during the internal short circuit-induced thermal runaway process. The effects of internal short circuit resistance are specifically studied and discussed by the modeling approach. The internal short circuit penetration depths of 25%, 50%, 75% and 100% were specified for simulations, while keeping all other variables identical. The average temperature is discovered to be larger with more internal short circuit penetration depth. The average temperature is almost the same when the penetrating depths are 50% and 75%. The impact is minimal due to the thinness of the lithium battery and the similar depths of these two penetrations. On the other hand, the maximum temperature is the same for the four penetration depths. The temperature fields’ evolutions shown in Figure 13 and Figure 14 are also very alike.




3.4. Effect of Convective Heat Transfer Coefficient


The modeling approach especially studies and discusses the impacts of the convective heat transfer coefficient. The convective heat transfer coefficients of h = 100 W/(   m 2  ⋅ K  ), h = 200 W/(   m 2  ⋅ K  ), h = 500 W/(   m 2  ⋅ K  ), h = 1000 W/(   m 2  ⋅ K  ), h = 2000 W/(   m 2  ⋅ K  ), h = 5000 W/(   m 2  ⋅ K  ) and h = 10,000 W/(   m 2  ⋅ K  ) are specified for simulation, while all other variables are kept to be the same. The convective heat transfer coefficient, as depicted in Figure 15, has a greater impact on the thermal runaway caused by the internal short circuit in lithium-ion batteries. The different heat transfer coefficient represents different cooling method on the battery cell surface. It is seen in Figure 16, Figure 17 and Figure 18 that the temperature propagation is significantly reduced by increasing the heat transfer coefficient from 100 W/(   m 2  ⋅ K  ) to 200 and 500 W/(   m 2  ⋅ K  ). Furthermore, as shown in Figure 19, the temperature on the cell is suppressed to be below 500 K before 40 s. Moreover, thermal runaway produces a high temperature, which eventually dissipates. Therefore, with sufficient cooling and thorough heat dissipation techniques, the huge heat generated by the thermal runaway of a lithium-ion battery can be greatly minimized. Suppressing thermal runaway propagation in the single lithium-ion battery cell is crucial for improving lithium-ion battery thermal management.




3.5. Effect of Internal Short Circuit Position


Figure 20 illustrates how little difference the internal short circuit position makes to the lithium-ion battery’s average temperature during the thermal runaway process that the internal short circuit of the battery causes. The modeling approach carefully studies and discusses the impacts of internal short circuit position. The internal short circuit positions of middle, higher left, lower left, higher right, and lower right are specified for the simulation, while all other variables are kept the same. It is found that the internal short circuit position has no significant impact on the battery’s electrochemical characteristics or thermal runaway. However, compared to the other four positions, the middle internal short circuit position has the highest average temperature for the lithium-ion battery. The temperature evolutions on the battery cell are shown in Figure 21, Figure 22, Figure 23 and Figure 24. Thermal runaway will happen when the battery is acupunctured, regardless of whatever section of the battery is acupunctured.





4. Conclusions


In this study, a multi-scale battery modeling structure is utilized to establish a 3D model of a 20 Ah cell internal shorting and thermal runaway process. By using the ECM approach and the patch method to model initial electrochemical reactions caused by the internal short circuits, this model is used to simulate the initial process of a lithium-ion battery’s abrupt rise in temperature and drop in voltage. In order to simulate the further temperature evolution caused by the thermal runaway, the four-equation [19] thermal runaway model is then run independently after stopping the ECM model. The impacts of internal short circuit area, resistance, penetration depth, convective heat transfer coefficient, and location are investigated by the modeling approach. The following conclusions are drawn.



	
When the internal shorting area changes, the initial 50 s of the battery internal shorting area has little impact on the battery average temperature. After 50 s, the heat created inside the cell increases proportionately to the size of the short circuit area. For that reason, the lithium-ion battery average temperature is higher. Huang, Z [30] conducted 18,650 batteries acupuncture experiments on nails with the different diameters of 3 mm, 5 mm, and 8 mm, and found that the peak temperatures were 135.9 °C, 133.6 °C, and 131.8 °C, respectively, showing a negligible effect on the peak temperature of the battery.



	
When the internal shorting resistance increases, it leads to a decrease in short-circuit current, and a reduction in the ability to generate heat. As a result, lithium-ion battery average temperature decreases, which resembles references [32,33].



	
When the internal short circuit penetration depth changes, its average temperature rises as a function of the percentage of lithium battery penetration. Additionally, the average is roughly equal at 50% and 75% penetration, indicating that the influence of the penetration depth is weak.



	
When the convective heat transfer coefficient changes, an increase in the exterior convection heat transfer coefficient lowers the lithium-ion battery’s average temperature. The implication is that adequate cooling conditions can effectively prevent the emergence of thermal runaway, which is similar to reference [35].



	
When the internal short circuit position changes, the average temperature of the batteries is almost the same. However, the average temperature in the middle of the internal shorting position is significantly greater than that in the other four positions. Thermal runaway will happen when the battery is acupunctured, regardless of which section of the battery is acupunctured. Yao Dan [52] considered that no matter where acupuncture occurs, the average temperature peak is similar and the fluctuation is weak, which resembles our results in this work.
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Abbreviations


Numerical Symbol Description.



	   V  O C V    
	Open circuit voltage



	 I 
	Current



	   σ +   
	Positive electrode effective conductivity



	   σ −   
	Anode effective conductivity



	   Φ +   
	Positive phase potential



	   Φ −   
	Negative phase potential



	   j  E C h    
	Volumetric current transfer rate due to electrochemical reaction



	    q ˙   E C h    
	Electrochemical reaction heat



	   j  short    
	Current transfer rate due to internal short circuit in battery



	    q ˙   short    
	Heat generation rate due to internal short circuit in battery



	    q ˙   a b u s e    
	Heat generated by thermal runaway reactions under thermal abuse



	   Q  total    
	Lithium-ion battery total capacity



	   Q  r e f    
	Lithium-ion battery reference capacity



	  V o l  
	Volume
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Figure 1. (a) Equivalent electrical circuit; (b) Geometry; (c) Mesh of multi-scale multi-domain lithium-ion battery modeling. 
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Figure 2. (a) Geometric; (b) Mesh of the internal short circuit lithium-ion battery modeling. 
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Figure 3. (a) Flow chart of the model [40]; (b) schematic diagram of the coupled model. 
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Figure 4. (a–d) are the upper left, lower left, upper right, and lower right position internal short circuit of the lithium-ion battery. 
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Figure 5. Comparison of the results from basic model with those from Finegan, D.P. et al. [51]. 
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Figure 6. Under different internal short circuit areas, average temperature of the lithium-ion battery. 
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Figure 7. Temperature distributions of lithium-ion battery under internal short circuit area by 2 mm × 2 mm at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 8. Temperature distributions of lithium-ion battery under internal short circuit area by 10 mm × 10 mm at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 9. Under different internal short circuit resistances, average temperature of the lithium-ion battery. 
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Figure 10. Temperature distributions of lithium-ion battery under internal short circuit resistance by 0.005 Ω at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 11. Temperature distributions of lithium-ion battery under internal short circuit resistance by 0.03 Ω at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 12. Under different internal short circuit penetration depth, average temperature of the lithium-ion battery. 
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Figure 13. Temperature distributions of lithium-ion battery under internal short circuit penetration depth by 25% at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 14. Temperature distributions of lithium-ion battery under internal short circuit penetration depth by 100% at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 15. Under convective heat transfer coefficient, average temperature of the lithium-ion battery. 
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Figure 16. Temperature distributions of lithium-ion battery under convective heat transfer coefficient by 100 W/(m2·K) at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 17. Temperature distributions of lithium-ion battery under convective heat transfer coefficient by 200 W/(m2·K) at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 18. Temperature distributions of lithium-ion battery under convective heat transfer coefficient by 500 W/(m2·K) at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 19. Temperature distributions of lithium-ion battery under convective heat transfer coefficient by 2000 W/(m2·K) at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 20. Under internal short circuit positions, average temperature of the lithium-ion battery. 
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Figure 21. Temperature distributions of lithium-ion battery under internal short circuit position by higher left at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 22. Temperature distributions of lithium-ion battery under internal short circuit position by lower left at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 23. Temperature distributions of lithium-ion battery under internal short circuit position by higher right at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Figure 24. Temperature distributions of lithium-ion battery under internal short circuit position by lower right at (a) 10 s; (b) 20 s; (c) 30 s; (d) 40 s. 
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Table 1. Physical and kinetic parameters and initial values for thermal runaway model obtained from Refs [42,43,44,45,46].
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	Symbol
	Value
	Description





	    H  s e i     
	   2.57 ×   10  5   ( J / kg )    
	SEI-decomposition heat release



	    W  s e i     
	   6.104 ×   10  2  (    kg / m   3  )   
	Specific carbon content in jellyroll



	    A  s e i     
	   1.667 ×   10   15   (  1 / s  )   
	SEI-decomposition frequency factor



	    E  s e i     
	   1.3508 ×   10  5  (  J / mol  )   
	SEI-decomposition activation energy



	    H  n e     
	   1.714 ×   10  6  (  J / kg  )   
	Negative-electrolyte heat release



	    W  n e     
	   6.104 ×   10  2  (    kg / m   3  )   
	Specific carbon content in jellyroll



	    A  n e     
	   2.5 ×   10   13   (  1 / s  )   
	Negative-electrolyte frequency factor



	    E  n e     
	   1.3508 ×   10  5  (  J / mol  )   
	Negative-electrolyte activation energy



	    H  p e     
	   3.14 ×   10  5  (  J / kg  )   
	Positive-electrolyte heat release



	    W  p e     
	   1.438 ×   10  3  (    kg / m   3  )   
	Specific positive active content in jellyroll



	    A  p e     
	   6.667 ×   10   13   (  1 / s  )   
	Positive-electrolyte frequency factor



	    E  p e     
	   1.396 ×   10  5  (  J / mol  )   
	Positive-electrolyte activation energy



	    H e    
	   1.55 ×   10  5  (  J / kg  )   
	Electrolyte decomposition heat release



	    W e    
	   4.069 ×   10  2  (    kg / m   3  )   
	Specific electrolyte content in jellyroll



	    A e    
	   5.14 ×   10   25   (  1 / s  )   
	Electrolyte decomposition frequency factor



	    E e    
	   2.74 ×   10  5  (  J / mol  )   
	Electrolyte decomposition activation energy



	    c  n e g , 0     
	0.15
	Initial value



	    c  n e g     
	0.75
	Initial value



	    m  s e i     
	1
	Initial value



	    c  s e i     0    
	0.15
	Initial value



	    m  n e     
	1
	Initial value



	    t  s e i     
	0.033
	Initial value



	    m e    
	1
	Initial value



	    c  e 0     
	1
	Initial value



	    m  p e 1     
	1
	Initial value
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Table 2. Physical properties for the lithium-ion battery cell [47,48].
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	 ρ  (kg/m3)
	c (J/kg/K)
	   k  i n − p l a n e     (W/m/K)
	   k  t h r o u g h − p l a n e     (W/m/K)
	   σ +    (S/m)
	    σ +    (S/m)





	2092
	678
	18.5
	0.5
	1.19 × 106
	9.83 × 105
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