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Abstract: Thermal runaway (TR) is a major safety concern for lithium-ion batteries. A TR model 

incorporating the resulting jet fire can aid the design optimization of battery modules. A numerical model has 

been developed by coupling conjugate heat transfer with computational fluid dynamics (CFD) to capture the 

cell temperature and internal pressure evolution under thermal abuse, venting and subsequent combustion of 

18650 lithium-ion batteries. The lumped model was employed to predict the thermal abuse reactions and jet 

dynamics, while the vented gas flow and combustion were solved numerically. Model validation has been 

conducted with newly conducted experimental measurements for the transient flame height of jet fire and 

temperatures at selected monitoring points on the cell surface and above the cell. The validated model was 

then used to investigate the effect of the SOCs on the evolution of TR and subsequent jet fires. Increasing 

SOCs shortens the onset time of TR and enlarges the peak jet velocity. The peak heat release rates and flame 

height of the jet fire increase with theincrease of the SOC. The developed modelling approach extends the 

TR model to jet fire. IT can potentially be applied to assist the design of battery modules. 

Keywords: Lithium-ion battery; Thermal runaway; Cell venting; Jet fire; Numerical simulation 
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A frequency factor (s-1) Y mass fraction (-) 

Av vent area of cell (m2)   

As Sutherland coefficient (kg m-1 s-1 K-1/2) Greek symbols 

Cd discharge coefficient at Level 2 (-) α fractional degree of conversion (-) 

CD discharge coefficient at Level 3 (-) γ heat capacity ratio (-) 

Cp heat capacity at constant pressure (J kg-1 K-1) ε eddy dissipation rate (W kg-1) 

Cv heat capacity at constant volume (J kg-1 K-1) εcell surface emissivity (-) 

Cε1, Cε2, 

Cμ 
Model constants used in turbulence model (-) κ thermal conductivity (W m-1 K-1) 

D diffusion coefficient (m2 s-1) ν viscosity (m2 s-1) 

Ea activation energy (J mol-1) ρ density (kg m-3) 

g gravitational acceleration (m s-2) σ Stefan-Boltzmann constant (Wm-2 K-4) 

h sensible enthalpy (J kg-1) σk, σε Prandtl numbers for k and ε (-) 

hcell convective heat transfer coefficient (W m-2 K-1) φ mass fraction in the vent gas mixture (-) 

H heat release per unit mass (J kg-1) ω reaction rate of the gas species (kg m-3 s-1) 

k turbulent kinetic energy (J kg-1)   

m mass (kg) Subscript 

ṁ mass flow rate (kg s-1) 0 initial value 

M molar mass (kg mol-1) 1, cell parameters inside the cell (Level 1) 

Ma Mach number (-) 2 parameters at the orifice (Level 2) 

n number of moles (mol) 3 
parameters after a notional expansion to ambient 

conditions (Level 3) 

P pressure (Pa) a ambient 

Pr Prandtl number (-) c cathode decomposition 

q reaction heat from combustion (W m-3) DMC parameters for electrolyte vapor 

Q reaction heat inside cells (W m-3) e electrolyte decomposition 

R gas constant (J K-1 mol-1) ec electrochemical reactions 

T temperature (K) gas parameters for generated gases 

Ts Sutherland coefficient (K) PVDF binder reaction 

u ambient air velocity (m s-1) SEI SEI decomposition 

Vh headspace volume (m3) t turbulence 

W 
generated gases moles per fractional degree 

(mol) 
  

1. Introduction 

To combat global climate change and achieve carbon neutrality, worldwide governments have been 

vigorously pushing for the electrification of transport and energy storage systems (ESS). This stimulated 

rapid development of battery technologies, resulting in the explosive growth of electric vehicles (EVs) [1]. 
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With relatively high energy density, extended cycle lifespan and trivial environmental pollution [2], abundant 

lithium-ion batteries (LIBs) have flooded the EV market as EV power sources and ESS. However, the recent 

proliferating fire and explosion accidents caused by thermal runaway (TR) of LIBs have raised increasing 

public concern and issued a warning sign about the urgent need to improve LIB safety [3]. 

As LIBs for hybrid electric vehicles and battery electric vehicles are typically in the order of 10-100 kW 

or MW or even higher scale, the LIB module in such applications usually consists of hundreds to thousands 

cells [4]. TR of one single cell usually generates excessive heat and flammable gases including H2, CH4, 

C2H4, C2H6, CO and other hydrocarbons [5-10]. The heat release from their combustion as well as the heat 

generation inside the cell can easily heat up the adjacent cells, resulting in TR propagation to the neighboring 

cells and the failure of the whole LIB module. For reliable prediction of the probability of a propagating 

failure as well as safe design to mitigate TR propagation in LIB module, accurate models are required to 

simulate the heat transfer between cells. TR propagation can generally be attributed to all three models of 

heat transfer, including conduction, convection, and radiation. TR propagation dominated by heat conduction 

across solid materials have been extensively modelled [11-14]. Heat convection through the fluid medium 

between the cells, such as melting phase change materials and coolant, can also result TR propagation from 

cell to cell inside a LIB module and studied in [15-18]. In comparison, the effect of convection and radiation 

from flame on TR propagation was rarely investigated despite its significant importance. Stoliarov et al. [19-

21] firstly quantified internal heat generation and heat release associated with flaming combustion of vented 

materials, employing a novel copper slug battery calorimetry. Their works [19-21] also revealed combustion 

heat was more than the sum released heat from chemical reactions and the electric energy of short circuit 

during TR, alarming the subsequent researches should pay more attention to the thermal hazard from 

combustion during TR of LIBs. Liu et al [22] estimated the combustion heat release of a 243 Ah 
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LiFePO4/graphite LIB cell, and the peak heat release rate (HRR) and total heat release was observed as high 

as 88.6 kW and 19530.6 kJ. They also pointed out that the flaming combustion accelerated the TR progress. 

The calorimetry results from other researchers [23-27] also indicated that the contribution of the heat 

generated from the combustion of the ejected materials to TR propagation could not be neglected. It is hence 

important to include the combustion of venting gases in TR models to obtain more realistic heat transfer 

between the failure and surrounding cells in the LIB module. 

The combustion chemistry of the ejected materials has been addressed in some published studies to 

assess the thermal hazards [9, 28, 29]. Johnsplass et al. [28] employed the Cantera 2.3.0 code with GRI-Mech 

3.0 mechanism to simulate the combustion of three different kinds of abused LIBs in air. Fernandes et al. [9] 

also investigated combustion properties of the released gases in the Chemical Workbench Code and 

CHEMKIN-II. In addition to the analysis of the combustion chemistry, Larsson et al. [29] used a propane fire 

source to substitute jet fire of LIBs to evaluate effects of combustion on cell-to-cell propagation. Despite 

such progress, coupled numerical studies of the TR process, ejection dynamics and combustion have not been 

reported. Although several TR models of LIBs [30-34] have been proposed to investigate the evolution of 

temperature and voltage, the venting and jet fire events were not addressed. 

The bottleneck of the modeling development of ejection flow and combustion of LIBs during TR lies in 

the complexity in the underlying electrothermal reactions inside LIBs as well as the highly transient flow 

field outside LIBs. The heat and gases generated through the electrothermal reactions inside LIBs result in 

pressure build-up within the cell and eventually trigger the opening of the safety valve to activate the venting. 

The venting phenomenon directly affects external flow and combustion characteristics of LIBs. Previous 

attempts to couple the internal and external events can be categorized into two approaches. The first approach 

is based on using zero dimensional (0D) lumped model to predict thermal reaction and jet flow parameters. 
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Coman et al. [35] included venting of the electrolyte and contents of the jelly roll in a lumped model for TR 

coupling thermal and flow equations. They quantified the energy flowing out the cell with the ejecta to 

capture the cooling effect of the safety valve opening. The model was later extended to address the 

temperature-pressure evolution and gas generation within the cell with the pressure relief mechanism 

expressed by isentropic flow equations [36]. The subsequent venting models mostly [37, 38] followed the 

model frame of Coman [35, 36]. Ostanek et al. [37] simulated onset and evolution of LIB TR using a coupled 

thermal and venting lumped model, and the flow parameter through the vent was modeled by compressible 

flow equations after vent opening. Bugryniec et al. [39] proposed an abuse model to investigate cell 

pressurization and simmering reactions of LIBs, and achieved similar prediction of the pressure accumulation 

in comparison with a classical TR model [35, 36]. Mao et al. [38] developed a lumped model for the 

characteristics of the 18650-type LIB jet flow and fire dynamics. The flame height was predicted combining 

using some correlations based on the flame Froude number. Although such modeling efforts have 

successfully described the interconnection between the thermal abuse reactions, pressure build-up and 

venting characteristics, the subsequent flow field following venting and the evolution of the resulting jet fire 

were not addressed. Kim et al. [40] developed an alternative approach by considering the random porous 

media rather than classical solid to model the LIBs. They used the change of the porous media scaling factor 

at the bottom of the vent to link cell interior and exterior. Though this model could predict cell venting and 

gas-phase reactions well, the prediction of heat flux through the cell surface and the corresponding 

temperature evolution inside the cell was unrealistic owing to the absence of accurate estimation for the 

convective boundary conditions [41], compared with the conjugate heat transfer calculation based on fluid-

solid coupling widely employed in some published works [16, 18, 32]. Thus, it would be problematic to 

extend this approach from a single cell to groups of cells and modules to achieve the prediction of TR 
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propagation. 

A single cell TR model incorporating the resulting jet fire is necessary to facilitate the predictions of TR 

propagations. The previous models have failed to achieve reliable predictions of realistic distribution and 

evolution of temperatures on the cell surfaces and the surrounding fluid during single cell TR and jet fire. 

Closing this knowledge gap is indeed a key objective of the present study, which is the first step toward 

developing propagation models considering effects of jet fire. 

Aiming at accurately capturing the temperature and internal pressure evolution inside the cell as well as 

the venting/combustion behaviors during TR, a novel approach was proposed based on the coupled fluid-

solid heat transfer, sub-models for TR evolution, internal pressure, the fluid dynamics during venting and 

combustion. The TR sub-model consists of the transient heat conduction equation and a series of 

electrochemistry reactions described by Arrhenius law, while the prediction of pressure and venting velocity 

was achieved by a lumped model in the form of several ordinary differential equations (ODEs). The gas 

flow and combustion reactions in the air zone were calculated by the Reynolds-averaged Navier-Stokes 

(RANS) approach with turbulent models and the eddy dissipation concept (EDC) for combustion. A 

dynamic boundary condition at the top of the vent was employed to couple the TR process inside LIBs and 

characteristic external flow field. The numerical model was established for 18650 cells with NCA cathode 

and implemented within the frame of open source computational fluid dynamics (CFD) code OpenFOAM. 

Validation was carried out by comparing the predictions and measurements for cell surface temperature and 

flame heights. The validated model was then sued to investigate the effects of states of charge (SOCs) on 

the transient temperature, cell internal pressure, venting and jet fire. 
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2. Model framework 

Fig. 1 illustrates the thermal behaviors and mechanism of the cell under thermal abuse. This process is 

coupled by the temperature increase and the internal pressure evolution. A series of exothermic reactions and 

electrochemical reactions take place leading to continued temperature rise and pressure accumulation under 

elevated temperatures [42, 43]. The solid electrolyte interface (SEI) layer, formed on the graphite anode due 

to the irreversible electrochemical decomposition of electrolyte, may decompose firstly at about 69 °C [44]. 

Then the electrolyte reacts with the anode when the temperature reaches around 120 °C [45]. The cathode 

and anode contact together and the internal short circuit will occur once the separator shrinks at about 130 °C 

[46]. Then the exothermic decomposition reactions will occur and release oxygen at different temperature 

for various cathode materials, the onset temperature of which is around 160 °C [47] for LiNi0.8Co0.15Al0.05O2 

(NCA) cathode studied in this work. When the temperature exceeds about 200 °C, the electrolyte will also 

decompose exothermically itself [48]. Finally, the binder used for maintaining integrity of the electrodes will 

react with the cathode material and LixC6 after 260 °C [42, 43]. In addition to heat generation, the above 

electrochemical reactions also release gases, which together with the evaporation of electrolyte leads to 

pressure accumulation inside the cell [36]. During the course of the above reactions, the vent valve will open 

at the designed pressure, leading to the initial venting event. As thermal abuse develops, once the heat 

generated is more than what can be dissipated, the above processes eventually lead to TR as well as the 

second time gas ejection [43, 49]. The flammable gaseous mixture of electrolyte vapors and generated gases 

may be ignited by the ejected hot materials such as melting current collector, resulting in a jet fire. 
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Fig. 1. Schematic of mechanism of the venting, combustion and thermal runaway for the NCA cell under thermal abuse. 

By analyzing the venting, combustion and TR of the NCA cell under thermal abuse, a numerical model 

was developed and implemented in OpenFOAM to capture the temperature and internal pressure evolution 

inside the cell as well as the venting and combustion behaviors during TR. The flow chart of the TR model 

is shown in Fig. 2, some key steps in TR sub-model essentially follow that of our previously developed 

electro-thermal model [32, 50] and includes several steps: (1) creating the geometry and mesh, and also 

defining the initial conditions; (2) calculating the fractional degree of conversion and reaction heat, solving 

energy equation in the cell zone as to be described in Sections 2.1 Thermal runaway sub-model; (3) solving 

internal pressure and venting model, and calculating related kinetic parameters to be discussed in Sections 

2.2 Pressure and venting sub-model; (4) using calculated kinetic parameters as dynamic boundary conditions 

to couple the cell and air zones; (5) solving a series of conservation equations for mass, momentum, species 

and energy; (6) repeating the above steps until the set end time of calculation; (7) checking whether the 
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predictions are in agreements with the measurements. If not, revising the model parameters and recalculating. 

 

Fig. 2. Flow chart of the thermal runaway model. 

2.1 Thermal runaway sub-model 

2.1.1 Thermal conservation equations 

In the cell porous jellyroll, the convective heat transfer from the flow of the evaporated electrolyte and 

the generated gases is negligible and the thermal conduction dominates internal heat transport in the cell, thus 

the TR model is developed based on the heat conduction in solids, which can be described by: 

  (1) 
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  (2) 

where ρ is the density; T is the temperature; Cp is the heat capacity; κ is the thermal conductivity; �̇�i is the 

heat source of the thermal reactions. In theory, Qrec consists of QSEI, Qa, Qc, Qec, Qe and QPVDF, corresponding 

to the heat from decomposition of the SEI layer, reaction between anode and electrolyte, internal short circuit, 

reaction between cathode and electrolyte, decomposition of electrolyte and binder reaction respectively [50]. 

But considering the effect of various lithiated states on the heat and kinetic parameters of cell materials, the 

whole thermal decomposition process for the cells with various SOC is divided into six stages by different 

temperature ranges, according to the temperature rise curve measured by the accelerating rate calorimeter 

(ARC), aiming at obtaining optimal thermal kinetic parameters. For each thermal reaction at various stages, 

the heat generation can be determined as: 

  (3) 

where Hi is the enthalpy of one of the specific thermal reactions (J m-3), αi is the fractional degree of 

conversion of various stage thermal reactions. The reaction conversion rate for various stages can be 

calculated by following the Arrhenius law: 

  (4) 

where Ai is the frequency factor; Eai is the activation energy; R is molar gas constant with the value of 8.314J 

mol−1 K−1; The following kinetic analysis of temperature data is then used to obtain the parameters for various 

reaction stages. 

2.1.2 Estimation of reactions kinetics 

Assuming the cell is heated under adiabatic condition, the heat generated within the system will just 

heat the system itself without any heat loss to the surrounding. The energy conservation equation of the cell 

under adiabatic condition can be expressed as: 
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  (5) 

For one reaction stage i, the initial T0,i and maximum temperature Tmax,i can then be obtained. The heat 

generation during this stage can be calculated as: 

  (6) 

Integrate the Eq.(5) over time, then the following equation can be given: 

  (7) 

The fractional degree of conversion for reaction stage i at any time αi can be given by substituting Eq. 

(6) into Eq.(7): 

  (8) 

Considering the effect of various lithiated states on the heat and kinetic parameters of cell materials, the 

optimal thermal kinetic parameters were calculated by the temperature rise curve measured at adiabatic 

condition from Golubkov et al [51]. As shown in Fig. 3 (a) and (b), the whole thermal decomposition process 

was divided into six stages according to the temperature rise rate range and each stage was linearly fitted 

individually. For a certain stage, the temperature rise rate considered as the first order reaction can calculated 

as [32]: 

  (9) 

Then the equation from Eq.(9) taken logarithms can be employed to obtain the thermal kinetic 

parameters, and the detailed derivation process can be found in reference [32]. 

  (10) 

The parameters Ai, Eai can be determined from the slope and interception of the linear fitting curve of 

ln((dT/dt)/(T-T0,i)) versus -1/T, and a calculation case for reaction stage IV of the cell with 75% SOC is shown 

in Fig. 3 (b). The mean square residual for the linear fitting of various stages were higher than 0.9, indicating 
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the divisions and fitting were reasonable. All the kinetic and thermodynamic parameters used for 25%, 50% 

and 75% SOC in this study are summarized in Table 1. 

 

Fig. 3. The temperature range division and fitting process used for calculating kinetic parameters from Golubkov’s data 

[51]. 

 

Table 1 

Kinetic and thermodynamic parameters used in the model. 

SOC Stage T0,i (°C) Hi (J m-3) Eai (J mol-1) Ai (s-1) 

25% 

II 84 7.94×107 3.66×104 45.50 

III 117 9.62×107 1.00×105 1.49×109 

IV 157 2.64×107 3.80×105 3.22×1035 

V 168 1.01×108 2.04×105 5.66×1019 

VI 210 1.20×109 2.15×105 2.80×1020 

50% 

II 69 1.23×108 3.60×104 50.48 

III 120 9.62×107 3.53×105 1.60×1040 

IV 160 1.20×108 2.54×105 5.21×1024 

V 210 1.20×108 2.02×105 5.65×1019 

VI 260 1.07×109 2.16×105 2.75×1020 

75% 

II 69 1.81×108 3.58×104 55.47 

III 144 3.85×107 5.85×105 1.98×1069 

IV 160 1.20×108 1.73×105 3.58×1018 

V 210 1.20×108 4.66×105 8.57×1049 

VI 260 1.08×109 3.73×105 2.36×1040 
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2.2 Pressure and venting sub-model 

During TR, the pressure inside the cell will accumulate due to the evaporation of electrolyte and gas 

generation until the vent valve is breached. When the temperature rises to the ignition point or an ignition 

source such as spark appears, the combustible gas mixture will be ignited and results in the jet fire. The fluid 

dynamic parameters of the external flow around the vent valve directly affects the LIB jet fire behaviors, thus 

the accurate prediction of the internal pressure and venting behavior of LIBs is the cornerstone of modeling 

LIB jet fire. 

The flow chart of the internal pressure and venting sub-model is shown in Fig. 4. The key steps include: 

(1) Check whether the internal cell pressure has exceeded the vent pressure. If this condition is true, the 

vent valve will open. (2) Check whether the vent valve has opened. If false, the state equation in the Section 

2.2.1 Pressure accumulation before venting will be employed to calculate the partial pressure of electrolyte 

vapor and generated gases. (3) Otherwise, then check a relation between the internal pressure and ambient 

pressure to determine whether the flow is subsonic or choked. (4) Calculate dynamic parameters according 

to two different flow states from an isentropic nozzle flow in the Section 2.2.3 Dynamical process of flowing 

through the vent valve. (5) Solve ODEs in the Section 2.2.2 Dynamic change of pressure during venting for 

the partial pressure of electrolyte vapor and generated gases. (6) Calculate the internal pressure within the 

cell, and output some dynamic parameters to the combustion model as boundary conditions. (7) Repeating 

the above steps until the set end time of calculation. 
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Fig. 4. Flow chart of the internal pressure and venting sub-model. 

2.2.1 Pressure accumulation before venting 

The pressure accumulation before venting mainly considers contributions the evaporation of the 

electrolyte under thermal abuse condition and gas generation from the decomposition reactions [36]. Thus, 

the internal cell pressure at any time before venting under thermal abuse condition can be calculated by 

Dalton’s law: 

  (11) 

where PDMC is the partial pressure of electrolyte vapor and Pgas is the partial pressure of the generated gaseous 

mixture. In the early stage of thermal abuse, the cell safety valve was closed, the electrolyte vapor and 
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generated gases remain inside the cell. As the cell temperature increases, the liquid electrolyte will evaporate 

and eventually reach vapor liquid equilibrium (VLE) conditions. In this instance, the partial pressure of the 

electrolyte vapor is equal to its saturation pressure which increases with the increase of the temperature. The 

saturation pressure can be expressed using Antoine's equation with the fitting coefficients of DMC electrolyte 

to calculate the partial pressure of electrolyte vapor [52]: 

  (12) 

where Tcell is the average temperature inside the cell. The valid temperature scope of Eq.(12) is 0 °C to 

274 °C [52], which is effective to approximate the partial pressure of electrolyte vapor before the venting 

event. For the generated gaseous mixture in a sealed container before the vent event, the partial pressure is 

calculated using the state equation for ideal gas: 

  (13) 

where Vh is the headspace volume occupied by the vapor and gas, and ngas is the total moles of the generated 

gases. ngas can be calculated as follow from the conversion degree of thermal decomposition reactions that 

generate specific gases: 

  (14) 

where Vh is the headspace volume occupied by the vapor and gas, and ngas is the total moles of the generated 

gases. n0 is the initial gas mole in the cell headspace volume, Wi is the moles of the generated gaseous mixture 

of reaction stage-i at its equilibrium composition measured in the experiment. The generated gases were 

assumed to include H2, CO2, CO, CH4, C2H4, C2H6 and O2 according to the experimental results from 

Golubkov et al. [51].  

The generation mechanism of hydrogen may be attributed to the reactions between Li and binders, the 

water-gas shift reaction and the oxidation of exposed Li with water [51, 53]. In this model, the reactions 
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between polyvinylidene fluoride (PVDF) and Li exposed in the surrounding electrolyte is mainly considered 

when the temperature is above 260 °C. When the temperature rises to about 100 °C, the SEI layer consisting 

of metastable components may decompose in thermally driven reactions and generate carbon dioxide [45]. 

In addition to the decomposition of SEI layer, the oxygen released might react with the electrolyte solvent to 

generate carbon dioxide [45]. In order to simplify the modeling, the generation of carbon dioxide is assumed 

to be entirely from the decomposition of DMC, which will occur when the temperature exceeds 200 °C [42]. 

The possible sources responsible for the release of carbon monoxide is the reduction of carbon dioxide with 

intercalated Li at the anode [53-55]，thus this process is assumed to occur after the generation of carbon 

dioxide. The reduction of electrolyte by hydrogen to lithium carbonate is a possible generation process of 

methane [56-58], and this mechanism is considered after the generation of hydrogen.  In addition to the SEI 

layer thermal decomposition [45], the reaction between lithium and SEI layer also contributes to the release 

of ethylene [59]. Ethane can be produced by the reactions of the solvent and lithium at the lithiated anode 

[45]. One possible source of oxygen release is from transiting of the delithiated Lix(Ni0.80Co0.15Al0.05)O2 

cathode material from layered to rock salt structure during the temperature from 175 °C to 600 °C [60, 61]. 

The detailed mechanism and corresponding chemical equations of above reactions are summarized in Table 

S1. Combined the analysis of the gas generation mechanism and the experimental data of Golubkov et al. 

[51], the calculated moles of the generated gases at various reaction stages Wi are summarized in Table 2. 

Table 2 

The generated gases moles of various reaction stages Wi (unit in mmol) 

SOC (%) W2 W3 W4 W5 W6 

25 5.025 - - 22.325 61.908 

50 5.024 0.628 37.950 123.873 27.475 

75 7.161 1.085 53.575 139.965 69.874 

2.2.2 Dynamic change of pressure during venting 

The commercial LIBs generally consist of a pressure burst disk and a vent valve for safety purposes. 
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When the internal pressure of the cell increases to a critical pressure of Pcir = 1.9 MPa for the currently 

considered 18650 cell [40], the vent valve opens to release the generated gases and aerosols of electrolyte 

vapor. Due to the breakdown of the VLE condition inside the cell, the previous equations of state under VLE 

condition is no longer valid and several ODEs can be written to simulate the dynamic change of the pressure 

with time inside the cell. Differentiating both sides of Eq.(11) with respect to time gives: 

  (15) 

The above equation indicates the dynamic change of cell internal pressure during venting consists of the 

partial pressure change rate of electrolyte vapor and generated gases with time. As for the partial pressure of 

the electrolyte vapor, the ideal gas law is used as the equation of state and then the derivative of both sides 

with respect to time is taken to give the differential form:  

  (16) 

  (17) 

where mDMC is the mass of electrolyte vapor in the cell headspace, and MDMC is the molar mass of DMC. The 

two terms on the right-hand side of Eq.(17) indicate the change of the partial pressure of electrolyte vapor is 

determined by the changes in the mass of electrolyte vapor in the headspace and the changes in cell average 

temperature. The derivative of cell temperature with respect to time dTcell/dt can be calculated from the energy 

equation in the cell zone, and the mass flow rate of DMC dmDMC/dt through the vent valve can be expressed 

as follow: 

  (18) 

where φDMC is the mass fraction of DMC in the vent gas mixture. ṁ2 is the mass flow rate of the vent gas 

mixture through the orifice of vent valve, the detailed calculation of which will be investigated in the Section 

2.2.3. 
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Similarly, the differential form of Eq.(13) is used to simulate the dynamic change of partial pressure of 

generated gases: 

  (19) 

The mole change rate of generated gases in the cell headspace is represented by the gas generation rate 

and the mole flow rate of gases through the vent valve: 

  (20) 

where the reaction rate of thermal decomposition dα/dt can be calculated from the Eq(4). φgas is the mass 

fraction of generated gases in the vent gas mixture and Mgas is the average molar mass of generated gases 

mixture, calculated as ∑Mini/∑ngas. 

The parameters when the vent valve opens are employed as the initial condition of ODE, and the ODE 

is integrated in explicit Euler method to calculate the cell internal pressure Pcell considering effective 

arithmetic. 

2.2.3 Dynamical process of flowing through the vent valve 

One critical parameter to model the dynamic change of the cell internal pressure during venting is the 

mass flow rate through the vent valve. After the vent valve opens, the dynamical process of gas flow can be 

regarded as an isentropic nozzle flow of the ideal gases, consisting of three level as shown in Fig. 5 [62, 63]. 

the whole flow process consists of three levels: conditions inside the cell (Level 1), conditions at the orifice 

(Level 2) and conditions after a notional expansion to ambient conditions (Level 3)  
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Fig. 5. Schematic of gas flow near the vent valve. 

The parameters at Level 1 are equal to that inside the cell, and the flow parameters at Level 2 are 

calculated using a variant of the isentropic nozzle flow equations. In order to consider if the flow is subsonic 

or choked, the following conditional statement is first checked: 

  (21) 

where Pa is the ambient pressure and γ is the heat capacity ratio of venting gases. If the above inequality is 

true, the flow is subsonic, otherwise is choked. The pressure P2, the temperature T2 at the orifice and the 

Mach number Ma, defined by the ratio of gas velocity u2 to the local speed of sound, are delimited by the 

type of flow. If the flow is subsonic [64]:  

  (22) 

  (23) 

  (24) 

As for the choked flow, the parameters are expressed with the Pseudo diameter approach [64]: 
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  (25) 

  (26) 

  (27) 

The venting gas velocity u2 and the mass flow rate ṁ2 through the vent valve can be determined as [64]: 

  (28) 

  (29) 

where ρ2 is the gas density when the gas flows out from the orifice, calculated as P2Mgas/RT2. Av is the vent 

area of cell. Cd is a discharge coefficient considering a non-ideal effect of the irreversible process [65]. 

For the high-pressure gas venting from the cell, the under-expanded jet flow will expand into supersonic 

flow after leaving the nozzle. The gas pressure will gradually decrease until that drops to ambient pressure 

while the gas velocity will progressively increase until that reaches the local speed of sound. Thus, A 

simplified notional nozzle model substituting for the under-expanded jet flow should be employed to obtain 

the state parameters of the steady flow at Level 3 as well as provide an equivalent inlet condition for the 

following numerical simulation of jet fire. Birch et al. [62, 63] proposed a concept of “pseudo-diameter” to 

calculate the effective velocity u3 at Level 3: 

  (30) 

where P3 is equal to the ambient pressure Pa, CD is a volume discharge coefficient considering the a possible 

non-uniform velocity profile at the nozzle and the momentum loss when the melting solid particles flow 

through the vent valve [38]. It is worth noting that the parameters at Level 3 only affect the behaviors of 

airflow field after venting as well as jet fire during TR, instead of the cell internal pressure and parameters at 

Level 2. Finally, u3 will be used as the dynamic boundary condition of the velocity inlet, and T2 will be the 
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dynamic temperature boundary condition of the venting gas inlet, participating in the later numerical 

simulation in the air zone. The values of above-mentioned parameters in cell zone are listed in Table 3. 

Table 3 

Kinetic and thermodynamic parameters used in the model 

Parameters Value Unit Source 

Av 9.8 mm2 Ref.[37] 

Cd 0.8 - Ref.[65] 

CD 3.3×10-3 - Fit 

Cp 830 J kg-1 K-1 Ref.[50] 

MDMC 90.08 g mol-1 Ref.[66] 

n0 4.33×10-5 mol Fit 

Pa 101325 Pa Calc 

Vh 1.158 cm3 Ref.[37] 

γ 1.4 - Ref.[38] 

κ 3.4 W m-1 K-1 Ref.[33] 

φDMC 0.1 - Fit 

φgas 0.2 - Fit 

ρ 2900 kg m-3 Calc 

2.3 Fluid dynamics and combustion models 

2.3.1 Fluid dynamics conservation equations 

Once the vent valve is broken, the pressurized gas will jet and mix with the air and the mixture gases 

will be ignited when an ignition source exists around or the temperature reaches the ignition point of gases. 

Reynolds number at the top vent valve is employed to determine the flow regime in the air zone, as shown 

in Eqn.(31). According to the estimation of velocity from the previous step, the peak air flow velocity could 

reach 178.3 m s-1. Considering the typical range of values that the nozzle diameter is 10-2 m, the dynamic gas 

viscosity is about 10-5 Pa·s and the gas density is approximately 100 kg·m3, the maximal Reynolds number 

for the venting gas flow can reach 178300 and the gas flow during TR is expected to be turbulent. 

  (31) 

 In this model, the flow in the air region is therefore computed by means of Reynolds-averaged Navier-
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Stokes (RANS) equations. The conservation equations in the fluid region are shown as follows: 

Mass conservation equation: 

  (32) 

Momentum conservation equation: 

  (33) 

 

Energy conservation equation: 

  (34) 

Species transport equation: 

  (35) 

where ρ, u, p, h and Y are the density, velocity, pressure, sensible enthalpy and mass fraction of gas mixture, 

respectively. v, νt, D and Prt denote laminar dynamic viscosity, turbulent dynamic viscosity, laminar diffusion 

coefficient and turbulent Prantl number. ωm is production or sink rate of the gas species from the combustion 

reactions.  is the heat release rate per unit volume from the combustion reactions. The calculation of 

above thermos physical parameters can be found in the Table S2 and Table S3. 

The traditional linear-eddy-viscosity RANS models is still the preference for the turbulence calculation 

in engineering application. In order to close the above equations, two transport equations for two turbulence 

properties are still needed. The k–ε model is by far the most widely employed and tested two-equation model 

with many perfections incorporated over the years, and it behaves well in combustion prediction [67]. The 

details of the transport equations for turbulence kinetic energy k and turbulence dissipation rate ε can be 

found in reference [68]. 
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  (36) 

  (37) 

  (38) 

where σk = 1.0 and σε = 1.3 are the Prandtl numbers for k and ε respectively. Cμ = 0.09, Cε1 = 1.44 and 

Cε2 = 1.92 are the model constants [67].  

It should be mentioned that some solid particles will be ejected during TR, the main components of 

which is carbon accounting for approximately 68.0-69.0% [69]. Thus, the solid particles might be oxidized 

and produced some soot at high temperature of jet fire. The particles under oxidation and soot might be 

elevated temperature and radiated heat to the surroundings. However, the soot generation mechanism and 

dispersive states have not been clear yet, so the radiative heat loss from the solid particles and soot was 

neglected in the present simulation. This omission might incur 20 to 40% over prediction in the jet fire 

temperatures.  

2.3.2 Reaction mechanism 

The combustion of gas mixture is modelled through the eddy dissipation concept (EDC) [70]. The EDC 

model has been extensively used for simulations of turbulent reactive flows in the past resulting from its 

superiority of suiting finite rate chemistry with an affordable computational cost [71]. The gas released from 

the cell is considered to mainly consist of H2, CO, CO2, CH4, C2H4 and C2H6 from the previous experimental 

results[7-10]. It should be noted that some electrolyte vapor will be ejected along with the generation gases. 

However, the amount of venting electrolyte be negligible compared with the generation gases from thermal 

decomposition reactions, according to the previous experimental researches for the identification and 

quantification of release gases [7, 8, 10, 51]. In addition, Fernandes et al. [9] also reported that the gases 

released from the LIB cells had the same heat release rate as a DMC flame. Thus, the effect of electrolyte 
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vapor combustion on the heat release of jet fire is not considered. In this model, the reduced kinetics of 

hydrocarbon oxidation is modelled by two-step reaction mechanism while the burning of hydrogen is 

assumed as one-step reaction [40]: 

  (39) 

The rates of chemical kinetics can be calculated from Arrhenius’ law as shown in Eq.(40), and the 

parameters are summarized in Table 4. 

  (40) 

Table 4 

Chemical kinetic parameters for gas combustion reactions (units in m, s, K, kJ, kmol). 

Fuel A Ea a b c 

H2 1.04×109 1.00×103 1 0.5 0.0 

CH4 2.80×109 2.43×103 -0.3 1.3 0.0 

C2H4 1.35×1010 1.51×103 0.1 1.65 0.0 

C2H6 6.18×109 1.51×103 0.1 1.65 0.0 

CO 2.24×1012 2.01×103 1 0.25 0.5 

2.3.3 Thermodynamic Properties 

OpenFOAM contains numerous calculation models for thermal physical parameters based on 

temperature-pressure system, and the calculation equations and methods are different pointing at various 

specific simulations. This section mainly introduces the determination and calculation method of main 

thermos physical parameters. 

The enthalpy and heat capacity at constant pressure for the fluid components are temperature-dependent 

and calculated based on the 7-coefficient NASA polynomials from JANAF thermochemical tables [72]: 

  (41) 

  (42) 
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where a1, a2. . . a7, and b1 are fitting coefficients. The dynamic viscosities μ for the mixture components are 

also temperature dependent and calculated from Sutherland’s law [73]: 

  (43) 

where As = 1.67212×10-6 kg m-1 s-1 K-1/2 and Ts = 170.672 K are the two Sutherland coefficients. The thermal 

conductivity for the mixture components is expressed by the Eucken model [74]: 

  (44) 

where Cv is the heat capacity at constant volume. The molecular thermal diffusivity D is calculated as: 

  (45) 

where Cpv is the heat capacity at constant pressure/volume. 

3. Experiments and model instantiation 

3.1 Experiments considered 

To validate the developed novel TR model, some experiments have been carried out to measure the 

temperature data of the cell surface and the flame under thermal abuse. The battery used for the test was 

cylindrical 18650 LIB that has a capacity of 3.4 Ah, charge voltage of 4.2 V, nominal voltage of 3.6 V. The 

cathode material is LiNi0.8Co0.15Al0.05O2 and the anode material is graphite. The electrolyte is composed of 

LiPF6 dissolved in organic solvents. Cells were pre-cycled using a cycler (Neware) at 0.1C current rate within 

2.5–4.2 V for three cycles and then followed by a constant current charging to achieve 75% SOC.  

As shown in Fig. 6, the cell was fixed in a specially designed metal fixture, exposed to the open air. The 

polyimide electrothermal film was used for heating, whose power and size are 32.5 W and 30 mm × 62.5 

mm. Four 0.5 mm K-type chromel-alumel thermocouples with 0.5 s response time and ±1.0 °C accuracy were 
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employed to obtain the temperature data. One thermocouple marked as TC#1 is attached on the surface of 

the cell away from the heater to measure the temperature of the LIB cell surface. Three thermocouples marked 

as TC#2, TC#3 and TC#4 respectively were place at 5 cm, 10 cm and 15 cm above the vent valve of the cell, 

aiming at measuring the flow temperature during the venting event and the flame temperature at different 

heights. Data measured during tests were recorded by the computer through the DAQ board. One high 

definition camera recording at 50 frames per second was placed about 0.5 m in front of the cell to capture the 

evolution of jet fire during TR. The cell was heated in the open air during the whole experimental process, 

which can be regarded as the natural convection heat transfer in infinite space. Once the TR occurred, the 

heater power was cut off immediately. 

 

Fig. 6. Schematic of the experimental devices. 

The Otsu's method [75] is used to process the experimental flame images to obtain the transient flame 

heights during TR. The original images are firstly converted to gray scale images with various luminance 

values. Based on its luminance value and a threshold value calculated from Otsu's method [75], a binary 

image can be obtained and then saved as a matrix in MATLAB® where each pixel was an element in the 

matrix. Then the flame height on each frame can be calculated based on the corresponding matrix and the 
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scale of the figure. 

The significant errors in thermocouple readings may be caused by radiation and convection heat transfer 

between the thermocouple and the surrounding when used in the presence of flames. Thus, temperature 

corrections are essential for performing a temperature measurement of jet fire during TR with thermocouples. 

The energy balance on the thermocouple probe can be expressed as: 

  (46) 

where T is the gas temperature, Tm is the temperature at the thermocouple probe, Ta is the ambient temperature, 

κ is the gas thermal conductivity, d is the diameter of the thermocouple probe, σ is the Stefan–Boltzmann 

constant, ε is the thermocouple emissivity, and Nu is the Nusselt number given in Ref. [76]: 

  (47) 

where Re is the Reynolds number and Pr is the Prandtl number. The Re is estimated according the measured 

gas velocity in Ref. [77], and the temperature dependent gas properties for κ, Re and Pr were taken as those 

of air and the temperature dependent emissivity was taken from Ref. [76]. A radiative correction for the gas 

temperature by solving above equations can be found less than 30 °C for the peak fire temperature of 1107 °C. 

3.2 Simulation conditions 

Following the above experimental conditions, a 2D numerical model has been built in OpenFOAM. The 

schematic of the computational geometry and mesh are illustrated in Fig. 7. The computational domain zone 

was divided into three zones, including air zone, heater zone and cell zone, with the size of 200 mm × 500 

mm. The air zone was modeled as the fluid initially filled with 79.05% nitrogen and 20.95% oxygen. The 

cell zone was simplified as a homogeneous solid structure, aiming at reducing the computational cost to 

resolve all the small-scale thin layer structures. The heater zone was built by the solid zone with a constant 
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heat source to simulate the heating effect of the polyimide electrothermal film, and it was attached to both 

sides of cell zone, with a height of 62.5 mm and a thickness of 0.5 mm. The initial temperature of the whole 

region was set as 26.85 °C. The thermodynamic and gas generation parameters in Table 1 and Table 2, 

estimated from Golubkov's experiments [51], are used to provide input data to address the influence of 

corresponding SOCs on the cell TR and venting behaviors. 

 

Fig. 7. Schematic of the computational model. 

The boundary condition for the air zone consists of four parts: the ground, the solid wall between 

cell/heater and air, the venting inlet on the top of cell, the air flow outlet to ambience. For the velocity field, 

no-slip boundary conditions are prescribed at the venting inlet before the opening of safety valve, the solid 

wall and the ground. After the safety valve opened, the venting inlet was given a boundary condition of fixed 

value u2. Considering the conduction, convection and radiation heat transfer, the temperature boundary 

condition between the cell/heater and air can be written as follows: 

  (48) 

where εcell is the surface emissivity of the cell, and σ is Stefan-Boltzmann constant. where hcell is convective 

heat transfer coefficient, calculated based on the empirical correlations between Nusselt number and 

Reynolds number [76]. The heat conduction dominates the contribution of heat transfer between solids, thus 

the boundary condition between the cell and heater is given as: 
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  (49) 

For the species field, zero gradient boundary conditions are prescribed at the exterior of cell before 

venting. Then a boundary condition of fixed mole fraction is applied at the venting inlet to simulate the open 

of safety valve and the outflow of gases. Owing to the complexity of gas generation mechanism and lack of 

the experimental data support for gas component fraction in real-time, the gas species and generation rate of 

each gas are hard to be determine at every temperature and time point during TR. Thus, the mole fraction of 

gas species flowing out the venting inlet is assumed to be constant during venting and combustion, but 

different with various SOCs, which is identified by Golubkov’s experiments [51]. The mole fractions for 

each species at various SOCs are listed in Table 5. Then zero gradient boundary conditions will continue to 

be employed to simulate the end of TR process, when the venting velocity drops to zero. However, owing to 

the abrupt change of gas mole fraction, this assumption may cause the heat release rate dropped to zero 

immediately when the flame extinguished.  

Table 5 

The mole fractions for each species and various SOCs at the boundary condition of venting inlet (%)[51] 

SOC (%) H2 CO CO2 CH4 C2H4 C2H6 

25 15.5 5.5 62.5 8.7 7.5 - 

50 17.5 39.9 33.8 5.2 3.2 0.4 

75 24.2 43.7 20.8 7.5 3.3 0.5 

Mesh sensitivity study was conducted for the cell at 75% SOC, using three meshes of different 

resolutions with 9612, 16000 and 24200 grid points. Fig. 8 shows the temperature evolution of the cell with 

75% SOC with different mesh resolutions. It can be seen that the mesh case with 9612 nodes shows different 

behavior in the peak temperature during TR and the grid number had trivial influence when it was greater 

than 16000 nodes, thus the mesh with 16000 nodes was employed in the subsequent simulations in the present 

study considering both accuracy and calculation efficiency. 
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Fig. 8. Results of grid sensitivity study of the cell temperature at 75% SOC. 

4. Results and discussion 

4.1 Overall evolution under thermal abuse 

Fig. 9 displays the comparison of the overall evolution for the cell under thermal abuse between 

experiments and simulation. The whole thermal abuse process of the cell can be divided into three stages 

with several key features: initial temperature rise, thermal runaway and cooling. Experimentally captured 

images are shown in Fig. 9 (a). In the early stage of heating, no obvious phenomenon was observed visually, 

while the temperature starts rising from the data measured by thermocouple. The first phenomenon can be 

observed is a loud crack indicating the open of vent valve, and this is followed by an ejecting of white smoke 

and gases. Two typical phenomena during the TR stage are sparks and jet fire. Sparks with a reverse conical 

contour were ejected from vent valve of cell, and this process usually lasted 1.0~2.0 s. It is generally 

considered that the sparks consist of lithium salts, carbon, the aluminum from the melting current collector 

[69, 78], which present red-hot due to high temperature. After a brief extinction about 0.2~0.5 s, a torch-like 

jet fire was observed and then the flame height decreased gradually with the decrease of the cell internal 

pressure. The detailed evolution of the jet fire will be discussed in the following section. However, it should 
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be noted that the combustion of polyimide heater also contributed to the development of the jet fire, while 

the experiments could not separate the cell and heater immediately after TR. The extinction of flame marks 

the end of TR stage and the beginning of cooling stage. In the early cooling stages, the cell presented red-hot 

state due to the long wave radiation from the aluminum can with high temperature to surroundings. With the 

natural convection heat transfer between the cell surface and the surrounding air, the cell was cooled to the 

surrounding temperature and presented grayish white due to the oxidation of aluminum can surface. 

The predicted temperature fields of the cell and air were shown in Fig. 9 (b) and revealed some 

phenomena that cannot be observed by the experiments. During the initial temperature rise stage, the 

predicted cell temperature starts to rise resulting from the heat flux of heater and heat generation from 

exothermic decomposition reactions. In addition, the temperature field in the air region was assumed to be 

due to natural convection. The current model did not consider the ejection of sparks during the TR, which 

involves the transport of high temperature solid or liquid particles. In addition, jet sparks were generally 

considered as ignition sources of the venting gases [78]. However, the rapid transition from the sparks and 

jet fire indicate that the venting gases might have self-ignited due to their temperatures being well above their 

auto ignition temperatures of the constituents. This is in line with the combustion model used which assumed 

that the combustion reactions occur when the venting gas temperature reaches the onset temperature of the 

reduced reactions. The simulation of jet fire is the focus of this study, and the details will be discussed in the 

following section. During the cooling stage, the simulation results reveal the process of the cell temperature 

decrease under thermal convection and radiation. 
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Fig. 9. Comparison of the overall evolution for the cell under thermal abuse between experiments (a) and simulation (b). 

4.2 Temperature evolution characteristics 

The temperature prediction of the cell surface and flame for the cell with 75% SOC is compared with 

the experimental measurements as shown in Fig. 10. The temperature on the cell surface increases quite 

slowly when the cell is heated externally at a constant heating rate at the beginning, shown as the data of 

TC#1. In this stage, the temperature change is governed by the balance of heat flux into the cell from heater, 

heat generation from the decomposition reaction and the heat loss into air including thermal convection and 

radiation. With the cell temperature increase and the gas generation, the cell internal pressure increases and 

the venting event occurs at about 319 s when the cell temperature reaches 120 °C for simulation and 134 °C 

for experiment. The temperature data measured by TC#2 placed 5 cm above the cell captures the fluid 

temperature increase due to the ejecting of gases when the vent valve opens, and the venting gas flow 



 

33 

 

temperature is measured as 68.5 °C in experiments and simulated as 75.9 °C. With the development of 

thermal abuse, TR occurs at about 481 s when the cell temperature reaches TR onset temperature of 179.3 °C 

and then the temperature increases sharply to the TR peak temperature of 727.5 °C. Similar evolution can be 

observed in the simulation results that the TR onset temperature is about 183.6 °C and the TR peak 

temperature is approximately 748.8 °C. In the meanwhile, a jet fire was ejected from the top of cell due to 

the ignition of venting gases and the data from TC#2, TC#3 and TC#4 recorded the flame temperature at 

different heights. It can be seen from Fig. 10 that the maximum measured flame temperatures were 1107 °C, 

913 °C and 594 °C at 5 cm, 10 cm and 15 cm above the cell top, respectively while the predicted 

corresponding maximum temperatures were 1310 °C, 1091 °C and 856 °C for the same locations. The 

maximum discrepancies between the predictions and measurements were hence within 30%. Fig. 10 indicates 

that the predicted peak temperature and onset time of TR are close to the measurements while the predicted 

flame temperature is slightly higher than the measured ones during TR. The marginal deviation is thought to 

be due to that the composition of the combustible gases being set according to previous studies for similar 

but different cells than the one considered here. Overall, the model is capable of simulating the complete 

processes of LIBs under thermal abuse from venting to fire evolution with reasonable accuracy in the 

predictions of the key thermal parameters, such as TR onset temperature, TR peak temperature and the flame 

temperature. 
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Fig. 10. Comparison of the measured and predicted temperature of the cell surface and flame for NCA cell with 75% 

SOC. 

Fig. 11 compares the temperature curves of the cell surface and the flame at different heights for cells 

with 25% SOC and 50% SOC. The air temperature increase caused by the first venting event can be observed 

from Fig. 11 that the air temperature above the venting valve 5 cm reaches about 95.9 °C and 95.7 °C for the 

cell with 25% SOC and 50% SOC while that shows a lower value of 75.9 °C for 75% SOC as plotted in Fig. 

10. The lower venting temperature T2 may be responsible for the above divergence that the cell with 75% 

SOC first vents at a lower cell temperature than other cells. Fig. 10 and Fig. 11 show that the TR onset 

temperatures are 226 °C, 215 °C and 190 °C for the cell with 25% SOC, 50% SOC and 75% SOC, respectively. 

Correspondingly, the onset time of TR increases with the increasing TR onset temperature, which is 940 s, 

906 s, 617 s and 481 s for the cell with 25% SOC, 50% SOC and 75% SOC. The results indicate that the 

SOC of cells has a significant influence on the thermal safety that the cells with a high SOC generally face a 

higher TR risk. It can be seen from Fig. 11 (a) that the maximum air temperatures during TR are 461 °C at 5 

cm, 379 °C at 10 cm and 335 °C at 15 cm respectively for the cell with 25% SOC. The simulation results 

show that the air temperature increase results from the heat load of extremely elevated temperature ejecting 

instead of the combustion of mixture gases. In contrast to the cell with 25% SOC, the Fig. 11 (b) shows a 

more intense temperature rise above the cell caused by the fire for the cell with 50% SOC, which are 989 °C 
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at 5 cm, 744 °C at 10 cm and 606 °C at 15 cm separately. As mentioned before, the higher maximum flame 

temperature at different heights can be captured for the cell with 75% SOC. Totally, the increase of cell SOC 

shortens the onset time of venting and TR event, as well as results in a higher flame temperature. Hence, the 

cells with higher SOC in LIB modules are inclined to cause TR propagation owing to a larger thermal loads 

from fire but a smaller thermal tolerance. 

 

Fig. 11. The temperature variations of the cell surface and the flame at different heights for cells with 25% SOC (a) and 

50% SOC (b). 

4.3 Internal pressure and venting characteristics 

The plots in Fig. 12 illustrate the dynamic evolution of the cell internal pressure as well as the average 

temperature for the cell with various SOCs. The simulation plots capture the two pressure peaks: one peak at 

the time of vent valve opening and another caused by TR. It can be found from Fig. 12 that the first venting 

event occurs at about 475 s when the temperature reaches about 131 °C for the cell with 25% SOC. With the 

increase of SOC, the onset time of the first venting event advances and that is 393 s for the cell with 50% 

SOC and 319 s for 75% SOC, and their average temperatures are about 124 °C and 112 °C. The onset time 

of the first venting event is determined by the time when the cell internal pressure reaches the critical pressure 

while the internal pressure is governed by the partial pressure of the electrolyte vapor and generated gases. 
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For the cells with high SOC, the higher rate of thermal abuse reaction leads to a faster temperature rise and 

gas generation, and the rapid pressure accumulation ultimately results in the earlier venting event. Then the 

cell internal pressure reduces sharply to the ambient pressure after the initial venting, and the second time 

venting event occurs when the cell goes into TR. The occurrence of the 2nd venting event results from the 

sharp rise of temperature and the massive generation of gas from thermal decomposition reactions during TR. 

It is noteworthy that the peak pressures of the second time venting present a positive correlation with SOCs, 

which are approximately 1.63×105 Pa for 25% SOC, 3.01×105 Pa for 50% SOC and 4.03×105 Pa for 75% 

SOC. The magnitude of pressure increase inside the cell during the second time venting is determined by 

three aspects: the temperature rise rate dT/dt, the gas generation rate and the flow characteristics through 

venting valve. The temperature rise rate is affected by the abuse reaction rate and enthalpy, and the gas 

generation rate is determined by the abuse reaction rate and corresponding gas quantity. The mechanism of 

flow characteristics is complex, one influence factor is the structure of vent cap, such as the vent opening 

area, and another is the effect of ambient conditions on jetting, such as ambient pressure and obstruction. 

Thus, the higher rate of thermal abuse reaction and larger gas generation quantity are responsible for the 

significant pressure rise for the cells with higher SOC during TR. 
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Fig. 12. The variations of average temperature and internal pressure for the cell with 25% SOC (a), 50% SOC (b) and 75% 

SOC (c) under thermal abuse. 

Fig. 13 shows the gas flow velocity and Mach number variations at Level 2 for the cell with 25% SOC, 
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50% SOC and 75% SOC. Corresponding to the evolution of the cell internal pressure, two violent ejection 

events can be found. The first-time venting event occurs when the safety valve opens, and the flow velocity 

u2 all reaches the local sonic velocity of 111.8 m s-1 for the cell with various SOCs. It can be noted the flow 

velocity u2 is the same for various SOCs, which results from the identical critical pressure of the open of 

venting valve for the first-time venting. When the LIBs go into TR, another ejection event occurs owing to 

the severe temperature rise and gas generation. The gas flow for the cell with 25% SOC is subsonic with the 

peak Ma of 0.848 as shown in Fig. 13 (a), and the peak speed of gas flow at Level 2 is about 148.1 m s−1. 

The peak Ma of gas flows for the cells with 50% SOC and 75% SOC all reach 1.0, indicating their flows are 

choked flow, and their peak flow velocity is 178.3 m s-1. However, compared with the cell with 50% SOC, 

the duration of choked flow is found to be longer for the cell with 75% SOC, which indicates the amount of 

the gases ejected during TR is larger at this situation. In addition, the lasting time of the second time venting 

events is found to be the same for the cells with various SOCs, and the whole venting procedure lasted about 

11 s. It should be noticed that the flow velocity during TR is higher than that at the first venting event although 

the cell internal pressure is much larger at the first venting event. The flow velocity is related to the local 

sonic velocity and the local sonic velocity is positively correlated with the temperature, thus the rising ejected 

gas temperature during TR results in the higher local sonic velocity. In this case, the flow velocity during TR 

is higher at the same Mach number. 
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Fig. 13. The variations of the flow velocity and Mach number at Level 2 for the cell with 25% SOC (a), 50% SOC (b) and 

75% SOC (c). 

4.4 Jet fire characteristics 

The temporal evolution comparison of the jet fire between the experiments and simulation for the cell 

with 75% SOC as well as the comparison between various SOCs are illustrated in Fig. 14. The jet fire 

evolution images captured by the camera is presented in Fig. 14 (a). In the early stage of combustion, the 

flame spread rapidly upwards and the flame height reached the peak within 1 s. Then the effect of buoyancy 

gradually governed the turbulent diffusion of jet fire with the attenuation of momentum and the flame height 

was observed to decrease gradually and eventually extinct after burning for approximately 11 s. The flame 
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color could be found to change from white to yellow and brightness gradually weakened. In addition, the 

decrease of flame width with time could be also observed. The temperature field with a legend range from 

23 °C to 1023 °C is employed as the predicting jet fire evolution for the cell with 75% SOC, to be compared 

with the experiments, as shown in Fig. 14 (b). It should be noted that the flame color and brightness in 

measured images were not exactly corresponding to temperature range in simulation images, hence the 

predicted and measure flame shapes presented in Fig. 14 (a) and (b) are not necessarily fully consistent. 

However, the similarities of flame evolution between them are apparent. 

Fig. 14 (c) and (d) plot the time evolution of the temperature field during TR for the cell with 50% SOC 

and 25% SOC. Compared with the fire behaviors of cells at 75% SOC, the combustion behaviors are observed 

but the flame height and the radial flame width are significantly less than that at 75% SOC. The reason may 

lie in that the lower concentration of combustible gases and ejecting velocity lead to a light combustion. Fig. 

14 (d) shows that the cell with 25% SOC does not present as violent a temperature rise from exothermic 

combustion reactions, which may result from that the lower fraction of combustible gases is not sufficient  

to support a sustained combustion. However, it should be noted that the extremely elevated temperature 

ejecting gases during TR may still apply a heat load to the air and the upper cell in axial direction. 
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Fig. 14. Temporal evolution of jet fire images from experiments at 75% SOC (a) and the temperature field evolution 

during thermal runaway from simulation for the cells with 75% SOC (b), 50% SOC (c) and 25% SOC (d). 

The predicted flame heights are also compared with the experimental measurements. The measured 

flame heights were obtained by MATLAB® as previously mentioned while the predicted flame height was 

calculated at the end of each time step from: 

  (50) 

where  is a vector representing the coordinate location of cell center, and ĝ is a unit vector indicating the 

reverse direction of gravitational acceleration.  is the stoichiometric condition of the reference species 
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including fuel and oxygen. 

 Fig. 15 (a) plots the transient flame heights measured by three repeated experiments. The onset of 

ignition after TR is taken as the start time (t = 0) in Fig. 15 (a) and the flame height is recorded until the 

flame is invisible. It can be found that the flame height rapidly increased to the peak once the fire was ignited 

and then a general reduction trend in flame height could be observed until the flame was extinguished. The 

maximum flame heights were 337.3 mm, 353.5 mm and 290.5 mm and the estimated flame lasted about 7.37 

s, 7.89 s and 8.58 s, respectively for the three tests. The average flame height of three repeated experiments 

is compared with the numerical simulation results to validate the accuracy of combustion prediction, as 

shown in Fig. 15 (b). Reasonably good agreement has been achieved between the predicted and measured 

flame heights. In particular, the maximum flame height and the flame duration are consistent. However, a 

more obvious flame fluctuate can be observed in the experimental results in comparison with the predictions. 

This discrepancy might have been caused by a combination of variations in ejection velocity, gas composition 

and ejected solid particles during experiments.  

 

Fig. 15. The flame heights measured by repeated experiments (a) and the comparison between average flame height from 

experiments and simulation results (b). 

Fig. 16 (a) shows the transient variations of flame heights for the cells with various SOCs. It can be seen 
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that the flame heights increase with the rise of LIB SOCs, and that are 18.3 mm, 123.5 mm and 273.6 mm, 

respectively for the cell with 25% SOC, 50% SOC and 75% SOC. Fig. 16 (b) shows the transient variations 

of heat release rate for the cells with various SOCs. It can be found the peak HHRs for 25% SOC, 50% SOC 

and 75% SOC are 0.16 kW, 0.49 kW and 1.24 kW respectively. The calculated HHRs are larger than the 

previously reported peak HRRs of 0.154 ± 0.026 kW for the 18650 LIBs with NCM cathode and 50% SOC 

[19], but lower than the HRRs measured by Chen et al. [78] for the 21700 LIBs with NCM cathode and 100% 

SOC, with the value of 2.88 ± 0.68 kW. The marginal deviation is thought to be owing to the difference of 

LIB materials and specifications, but their order of magnitude for HRRs is similar. It can be noted that there 

is still a little heat release in spite of no obvious combustion phenomenon for the cell with 25% SOC, which 

indicates that a lower concentration of reactive gases still reacts near the venting valve. The total heat release 

from the combustion can be calculated from the integral of curve in Fig. 16 (b), which are 1.17 kJ for 25% 

SOC, 3.21 kJ for 50% SOC and 8.05 kJ for 75% SOC. The total amount and concentration of combustible 

gases are responsible for the diversity of the total heat release from combustion at various SOCs. Some 

nonflammable gases, such as carbon dioxide, account for the majority of venting gases at lower SOC, while 

the reactive gases such as hydrogen, carbon monoxide and methane, contribute to the majority at higher SOC. 

Hence the increase of LIB SOC results in a larger amount of combustion heat generation, but also indicates 

a higher hazard of fire. In summary, the simulation results indicate that SOC has a significant effect on the 

jet fire characteristics of LIBs and the peak flame heights and HRRs present a remarkable growth trend with 

the increase of LIB SOCs. 
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Fig. 16. The variations of flame heights (a) and heat release rate (b) for the cell with 25% SOC, 50% SOC and 75% SOC. 

5. Conclusions 

A coupled numerical model based on conjugate heat transfer has been developed with the frame of 

OpenFOAM. The lumped model was employed to predict the thermal abuse reactions and jet dynamics, 

while the gas flow and combustion reactions outside cell were solved numerically. The developed model 

captured well the onset time of thermal runaway at 481 s, consistent with the experiment. The predicted cell 

surface and air temperatures at three selected locations have achieved reasonably good agreement with the 

measurements that maximum discrepancies were within 30%. The validated model has subsequently been 

used to examine the effect of SOC on TR evolution and the subsequent jet. The following specific conclusions 

can also be drawn: 

(1) The ejecting of gases results in an abrupt temperature rise of the air above the cell when the venting 

valve opens. Increasing SOCs of the cells can shorten the onset time of thermal runaway and lead to increased 

maximum flame temperature at different heights. 

(2) The predicted cell internal pressure has highlighted the existence of two peaks with the 1st peak at 

the time of vent valve opening and 2nd peak at the onset of TR. The peak cell internal pressures and speeds 
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of gas flow in the second time venting are 1.63×105 Pa and 148.1 m s-1 for 25% SOC, 3.01×105 Pa and 178.3 

m s-1 for 50% SOC, 4.03×105 Pa and 178.3 m s-1 for 75% SOC, which indicates higher SOCs cause a more 

violent ejection during thermal runaway.  

(3) The simulation presents the temporal evolution of jet fire while no obvious flame can be observed 

for cells at 25% SOC owing to a lower fraction of combustible gases. The peak flame heights are 18.3 mm, 

123.5 mm and 273.6 mm and peak heat release rates are 0.16 kW, 0.49 kW and 1.24 kW for 25% SOC, 50% 

SOC and 75% SOC respectively, which present a growth trend with the increase of SOCs. 

The newly developed model extends our previous efforts to model thermal runaway by combining the 

thermal decomposition reactions, pressure build-up and venting mechanisms and combustion process. The 

model represents the first step towards predicting TR propagation considering effects of jet fire and different 

modes of heat transfer in groups of LIB cells or modules. In future work, the influence of spark ejection and 

radiant heat feedback on jet fire will be incorporated and the simulation will also be extended into the 

explosion behavior for cell at higher SOC. 
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