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Abstract 16 

Thermal runaway is one of the main concerns of battery electric vehicles due to the 17 

hazard level that represents for the user and the surroundings. Several works studied 18 

different type of abuse in lithium-ion cells and packs, but the understanding is still 19 

insufficient in terms of the combustion process. In this study, three different lithium-ion 20 

cell chemistries (LCO, NMC and LFP) are studied in two environmental conditions with 21 

different oxygen content (0% and 21%) in a continuous flow vessel to understand if the 22 

use of inert atmosphere may be a pathway to avoid thermal runaway. In addition, 23 

detailed optical research is conducted together with temperature sensing to understand 24 

the venting through the vent cap before the thermal runaway. The combustion is 25 

recorded with a high-speed camera (6,000 fps) while the venting is visualized through a 26 

Schlieren technique with another high-speed camera (12,000 fps). The thermodynamic 27 

results show that the venting process can be detected by a cell surface temperature 28 

decrease of around 5oC, while the thermal runaway is seen as a battery self-heating (cell 29 

temperature higher than the ambient) and a suddenly increase of temperature until 30 

700oC in the surface of the cell. The optical access to the combustion chamber allows to 31 

observe with detail the venting of liquid electrolyte among the gases generated by the 32 

thermal abuse. In addition, the combustion records show that with inert atmosphere 33 

the combustion it is not initiated, and the process is restricted to smoke ejection. By 34 

contrast, the case of air (21% O2) resulted in combustion outside the battery cell with 35 

high increase of the air temperature. In terms of battery chemistry, the Lithium, Ferrum, 36 

Phosphate (LFP) shows the highest safety time and lowest chamber temperatures. LCO 37 

and Nickel Manganese Cobalt (NMC) had similar behavior in terms of safety time and 38 

temperature behavior, but Lithium Cobalt Oxygen (LCO) shows more variation with 39 

respect to the atmosphere (reactive and inert) than NMC. 40 
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1. Introduction 43 

Alarming reports published in the last years have been reinforcing the need of 44 

reducing the carbon dioxide emissions produced by human activities [1][2][3]. Recently, 45 

the Intergovernmental Panel on Climate Change (IPCC) have provided light on the 46 

possible scenarios that may occur in case of that no measures are applied to control de 47 

CO2 emissions, pointing that the average temperature in the earth could increase from 48 

1.2oC to 1.9oC by 2040 [4]. Considering these studies, most of the countries are releasing 49 

new pledges to avoid such a catastrophic scenario [5]. Specifically in the transportation 50 

sector, which is responsible by 18% of the total CO2 emissions emitted in the energy 51 

sector in Europe [6], mandates that prone the fast introduction of battery electric 52 

vehicles are being approved. As per, Europe has considered to ban the sales of new 53 

internal combustion engine vehicles by 2030 [7]. However, this ambitious plan still faces 54 

several contradictory arguments. First, electric vehicles still emit CO2 in a life-cycle basis, 55 

being heavily dependent on the energy matrix that is used for charging the batteries [8]. 56 

Additionally, the infrastructure needed must be fully deployed, requiring incentives to 57 

install fast chargers in urban, highway and rural areas [9]. Nonetheless, one of the most 58 

concerning issues relies on the safety matters that are related to this propulsion system. 59 

Different reports and news have stressed the battery fire hazards that may occur during 60 

vehicle operation or charging [10]. This alarming issue, generally originated by a 61 

phenomenon called battery thermal runaway (BTR) has a devastating potential, 62 

threatening the passenger life [11]. In this sense, it is considered that the understanding 63 

of these phenomenon and how to mitigate it on a battery cell level is of utmost 64 

importance to guarantee the successful deployment of battery electric vehicles in the 65 

market [12][13].  66 

In this sense, different investigations have been performed aiming at improving the 67 

understanding of the BTR from kinetic based analysis to complete module response 68 

[14][15][16]. On the kinetic side, Hatchard et al. [17] pioneered on proposing an 69 

Arrhenius based description for the different decomposition reactions that may lead to 70 

the thermal runaway occurrence. They identified that the SEI decomposition may 71 

releases organic compounds that reacts with the oxygen with the cathode in an 72 

exothermic way. As the temperature increases, the exponential dependence of the 73 

reaction rates with the temperature leads to an accelerating process. In case of having 74 

an excessive decomposition of the solid electrolyte interface, an internal short circuit 75 

may occur, opening new pathways of the decomposition from the cathode and anode 76 

reactions, which provides an abrupt energy release and possible fire occurrence. 77 

Different authors [18] [19] have followed the modelling approach proposed by Hatchard 78 

et al. [17], improving the number of reactions accounted for the thermal runaway 79 

description or enhancing the modelling for other battery chemistries.  80 

The battery chemistries play a dominant role on the thermal stability of the battery 81 

cell and, consequently, on the battery thermal runaway occurrence [20][21]. Currently, 82 

the most used battery cathode chemistries in the automotive sector are Nickel 83 

Manganese Cobalt (NMC), Lithium, Ferrum, Phosphate (LFP) and Lithium Cobalt Oxygen 84 



(LCO) [22]. While NMC cells present a high energy capacity they have a low thermal 85 

stability compared to LFP battery cells. Investigations performed on accelerated rate 86 

calorimeters have identified that both cell venting and the thermal runaway onset takes 87 

places at lower temperatures for the NMC 811 compared to a LFP cell [20][23]. Another 88 

factor that can influence the thermal runaway occurrence is the environment at which 89 

the cells are exposed. Chen et al. [24] has assessed the influence of different 90 

environment pressures aiming at simulating the utilization of 18650 LCO battery cells at 91 

high altitudes. They have observed that the thermal runaway is highly dependent on the 92 

ambient pressure. Low values of external pressure led to early thermal runaway 93 

occurrence and higher peak temperatures. Guo et al. [25] have also investigated the 94 

effect of the environment temperature on the thermal runaway occurrence, considering 95 

18650 LCO batteries during the study. The results suggested that despite of achieving 96 

the temperature onset in small times, high environment temperature values did not 97 

change the thermal runaway onset, indicating that the chemistry of the battery plays a 98 

dominant role on defining the thermal runaway occurrence. 99 

Despite the different evaluations, the effect of the atmosphere composition was still 100 

not addressed. It is believed that the use of inert atmosphere could offer a way to 101 

decrease the impact of the thermal runaway of a battery cell over the pack. Recently, 102 

Weng et al. [26] has identified that the reduction of the oxygen concentration reduces 103 

the thermal runaway propagation speed by 44%. Nonetheless, no extra evidence is 104 

found in the literature, at the best of the authors knowledge, where comparisons 105 

between inert and reactive environments are used during the cell evaluation. 106 

Additionally, most of the studies are restricted to provide only temperature and voltage 107 

measurements of the battery cell for a unique battery chemistry [27]. Although the 108 

importance of these parameters is clear, changes in the environment may change not 109 

only the battery related parameters but also the succession of phenomena that may 110 

occur with the vented gases in the environment at which the battery is exposed. For this 111 

type of analysis, more sophisticated assessment techniques rather than only 112 

temperature measurements should be used such as fast imagining. However, the 113 

application of this techniques is still restricted in the battery investigation field. 114 

In this sense, this work aims at evaluating the effect of the environment composition 115 

on the thermal runaway evolution for different battery chemistries by means of both 116 

thermodynamic and optical measurement techniques. 18650 LCO, NMC and LFP battery 117 

cells with 100% of SOC were tested in a continuous flow vessel (CFV) test bed using a 118 

temperature ramp of 11oC/min for all the cases. The continuous flow allows enhance 119 

the visualization of the battery venting and combustion. Inert and reactive environment 120 

were promoted inside of the vessel by using N2 or synthetic air (O2+N2) as working gas, 121 

respectively. Schlieren and natural luminosity techniques were employed to identify the 122 

venting pattern of the ejected flow from the battery cell as well as its nature (liquid or 123 

solid) and to compare the evolution of the combustion process for each case. In spite of 124 

that in the literature can be found several works studying inert atmosphere and different 125 

cathode materials [28][29] as well as battery thermal management [30][31], the main 126 

novelty of this work is the study through detailed venting and thermal runaway images 127 



that can help to understand how the phenomena initiate and propagate outside the 128 

battery cell. Up to the knowledge of the authors, this work includes a unique thermal 129 

runaway description by high speed visualization and there are no works in the 130 

bibliography that have this information. 131 

2. Experimental tools 132 

This section intends to describe in detail the experimental facilities used during this 133 

investigation as well as the different optical techniques to assess the BTR phenomenon. 134 

2.1. Lithium-Ion battery cell 135 

For this study, three different cells were used to understand the effect of the battery 136 

chemistry and electrical characteristics in the thermal runaway process. Lithium Cobalt 137 

Oxide (LiCoO2) also named as ICR or LCO, Lithium Manganese Nickel (LiNiMnCoO2) also 138 

named as INR or NMC and Lithium Iron Phosphate (LiFePO4) also named as IFR or LFP were 139 

taken for the study. Samsung 26J (LCO), Samsung 20R (NMC) and NX 9073 (LFP) commercial 140 

lithium-ion batteries are used. Among the cathode chemistry differences, the nominal 141 

capacity and electrical characteristics changes with a range from 2.6 to 1.8 Ah. The size is 142 

maintained, being all cylindrical cells 18650 (18 mm diameter and 65 mm height) with 143 

similar total weight (≈43.5 grams). In terms of safety, the battery cells have a vent cap to 144 

release the pressure when submitted to an abuse. In this case, the LCO Samsung 26J has 6 145 

symmetric holes and the other two cells have 3 holes. For this study all cells are tested in 146 

maximum state of charge (SOC = 100%), charged by a constant current of 1C until reaching 147 

the maximum voltage and then charged at maximum voltage until the current goes to zero 148 

as suggested by the manufacturers. During the charging, the ambient temperature is 149 

maintained at 20oC and the battery under natural convection cooling (h ≈ 5 W/m2K). 150 

Detailed information about the battery cells can be found in Table 1. 151 

Overall, LCO are the most common type of Lithium-Ion cell with a high energy content 152 

but low charge and discharge current. On the other hand, NMC has less capacity and 153 

available energy but can deliver higher current rates. Lastly, LFP is characterized by a 154 

low voltage operation and similar discharging rate than the LCO. 155 

Table 1 – Main Lithium-Ion Samsung 26J battery cell properties. 156 

Parameter ICR (Samsung 26J) INR (Samsung 20R) IFR (NX 7063) 

Cell Origin [-] Purchase in free market 

Cell format [-] 18650 

Dimensions [mm] 18.3 x 65.0 

Cathode Chemistry [-] LCO NMC LFP 

Weight [g] 44.18 ± 0.19 43.21 ± 1.16 40.87 ± 0.02  

Nominal Capacity [Ah] 2.6 2.0 1.8 

Nominal Voltage [V] 3.6 3.6 3.2 

Current Charge 
Continuous/Peak [A] 

1.3/2.6 1.0/4.0 1.8/NA 

Charging Time Normal/Rapid 
[min] 

180/150 180/50 110/NA 

Current Discharge 
Continuous/Peak [A] 

5.2/NA 22/NA 5.4/10@5s 

Energy [Wh] 9.36 7.20 5.76 

Energy density gravimetric 
[Wh/kg] / volumetric [Wh/L] 

210/566 162/435 139/348 



Vent Cap holes  6 holes 3 holes 3 holes 

Voltage at 100% SOC [V] 4.02 4.15 3.65 

Cut-off voltage [V] 2.75 2.50 2.50 

State of Charge for testing in 
CFV [%] 

100 

*Energy [Wh]= Nominal Capacity [Ah] x Nominal Voltage [V] 157 

2.2. Continuous Flow Vessel 158 

Each one of the battery cells described previously were exposed to controlled 159 

environments regarding temperature, pressure, and composition. This was attained by 160 

means of using a continuous flow vessel (CFV). This vessel is well documented and has 161 

been used in different fundamental evaluations for spray and combustion analysis at 162 

controlled conditions [32][33]. For this study, the CFV was adapted by building a new 163 

holder for the battery and supports for thermocouples to monitor the battery 164 

temperature. The holder enhances the air homogeneity while protects the direct impact 165 

of the hot air with the battery prior the mixing inside the vessel. This experimental 166 

apparatus was designed to support temperatures up to 1370oC and an internal pressure 167 

of 150 bar, presenting approximately 40 L in volume. A scheme of the experimental set 168 

up is shown in Figure 1. Thermocouples type K were used to monitor the temperature 169 

increase at three different locations of the battery cell (bottom, center and top) and on 170 

the continuous flow vessel Environment. The thermocouples present a measurement 171 

range from -200 oC  to 1260 oC and a total uncertainty of ±2.5oC. 172 

This device offers several benefits such as the ability of controlling the heating rate, mass 173 

flow rate and composition of the internal volume at which the battery is inserted. The 174 

mechanisms behind each actuation are illustrated in ¡Error! No se encuentra el origen 175 

de la referencia.. Both temperature and pressure in the chamber are controlled by 176 

means of a closed loop actuation based on proportional integral derivative (PID) 177 

controllers. The feedback signals (temperature and pressure) to feed the PID are 178 

obtained inside of the vessel. In particular, the temperature is increased by external 179 

heaters and the pressure by regulating the compressor outlet pressure and the valve 180 

downstream the vessel. Therefore, for this CFV it is possible to achieve 1370oC and a 181 

range of pressure between 2.6 bar to 150 bar. The minimum pressure cannot be 182 

decreased in the CFV due to the minimum amount of gas in the inlet to protect the 183 

resistance. As in this experiment is wanted to replicate real battery application, the 184 

minimum is set. The system contains different safety management devices that 185 

guarantees a minimum coolant flow output, maximum heater output temperature, and 186 

a minimum gas flow value to protect the heaters. 187 

Different external devices support the proper operation of the CFV. The feeding system 188 

of the CFV allows the operation with different gases. This can be attained by modifying 189 

the gas bottle that is added to the system. Its standard operation consists of using dried 190 

air. This air is compressed by a set of compressors and then stored in high-pressure 191 

vessels. Next, the temperature of the air can be controlled by means of a power 192 

regulated electric heating system with maximum capacity of 30 kW. It is important to 193 

remark that the CFV structure is composed of several layers aimed at reducing the heat 194 



transfer to the environment. Finally, this device is designed to enable the application of 195 

simultaneous optical techniques. For this, it has three flat optical windows made by 196 

quartz, which allows no optical distortion. The main characteristics of the CFV vessel as 197 

well as the conditions used for the test are presented in Table 2. 198 

 199 

Figure 1 – Scheme of the experimental set up in the Continuous Flow Vessel (CFV). 200 

Table 2 – Main test rig parameters for the battery thermal runaway study. 201 

Parameter Value 

Thermocouples Type K, 1 mm diameter and 300 mm length, Range [°C] Up to 1100 

Volumetric flow meter, Brooks Models SLA5863S, Flow rate [l/min] 0-2000 

Chamber pressure sensor, WIKA  IS-20-S-BBP, Pressure range  [bar] 0-160 

Continuous Flow Vessel Messkammer CMT from Advanced Combustion GmbH, 
max pressure [bar] and max chamber temperature [°C] 

150/1373 

Control Volume Size [L] 40 

Heating resistance power [kW] 30 

Volumetric flow during experiment [m3/h] 54 

Pressure during experiment [bar] 2.6 

Heating ramp for thermal abuse [°C/min] 11.0 

Inlet gas [-] Air/N2 

In this study, to investigate the thermal runaway occurrence at both inert and reactive 202 

conditions, the CFV was operated with the minimum allowable flow. This was found to 203 

be the best compromise between flame distortion and vessel scavenging in previous 204 

work [34]. A single heating ramp of 11oC/min was considered for all the cases evaluated 205 

and was maintained for the whole analysis. This means that the heating device is never 206 

turned off during the experiment. The resistance power is controlled to maintain the 207 

11oC/min in the chamber temperature including after the thermal runaway episode to 208 

fully understand the cell behaviour in all the temperature range. This differs from the 209 

operation in accelerated rate calorimeters, which generally run on a heat-wait-search 210 

method. The higher heating levels also allows to decrease the experiment time in one 211 

order of magnitude compared to ARC and oven tests. In general, the total time spent 212 

during the evaluations is 25 min. More information about heating ramp effect can be 213 

seen in previous publication of the research group [34]. 214 
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 215 

2.3. Optical techniques and experimental setup 216 

The CFV contains three optical accesses, as shown in Figure 2. Two simultaneous optical 217 

techniques (Schlieren and Natural Luminosity) were employed during this investigation 218 

in the two optical accesses of 128 mm diameter located in a line-of-sight arrangement. 219 

The third window was replaced to include a thermocouple holder, which enabled to 220 

track the temperature evolution at different battery locations as well as in the interior 221 

of the CFV. A detailed description of the CFV can be found in previous works of the 222 

research group [34][35]. The Schlieren optical technique was applied aiming to visualize 223 

and characterize the venting of both gaseous and liquid phases. Additionally, the natural 224 

luminosity (NL) was recorded to investigate the combustion development through the 225 

thermal radiation emitted by the combustion process. Figure 2 illustrates the 226 

experimental setup used for this investigation, whereas Table 3 provides the most 227 

significant characteristics of the optical setup. 228 

 229 

Figure 2 – Scheme of the optical techniques Continuous Flow Vessel (CFV). 230 

Table 3 – Visualization components for Schlieren, Natural Luminosity and OH* tracking. 231 

Component Quantity Specifications 

High Speed Camera Photron Fastcam 
NOVA 

2 
12-bit image, up to 16000 fps in max 
resolution. 

Lens Carl Zeiss Makro-Planar 1 Focal length 100 mm, f/2 lens 

Lens Nikon UV 1 Focal length 105 mm, UV, f/4.5 lens 

Beam splitter 1 
178x127 mm 50%T/50%R with a range from 
450 to 750 nm. 

Light Source Karl Storz Nova 300 1 Xenon lamp 300 Watts. 

Spherical lens 1 f = 450 mm, D = 150 mm. 

Spherical UV lens 1 f = 750 mm, D = 150 mm, UV. 

Iris diaphragm 2 
Metal iris diaphragm of diameter max 13 mm. 
Open diameter for experiment 5 mm. 

The refraction theory says that whenever a light ray that travels through a medium that 232 

has different refractive index gradients, it can suffer a deflection. This phenomenon is 233 

the basis of the Schlieren technique [36]. The same variation of refractive index can be 234 

found on density variations of a flow. Therefore, this phenomenon can be translated in 235 

as different grey levels in an image, allowing to observe the density field that is 236 



originated by the venting process. To obtain this, the light from the light source crosses 237 

the vessel from one window to the other and, consequently, trough the venting gases 238 

and liquids, which generates the Schlieren visualization. To visualize the vent gas and 239 

liquid ejected during the venting process, a high-speed single pass schlieren setup was 240 

developed. The illumination was attained by means of xenon lamp, driven with a liquid 241 

light guide. This allowed to create a point light source at the focal length plane of a 242 

spherical lens (f = 450 mm, D = 150 mm). In this sense, the area to be measured is 243 

illuminated with a collimated beam. The lens is separated from the light by 450 mm, 244 

while the CFV window and the lens are 5 mm apart. At the opposite side of the CFV, a 245 

spherical UV lens (f = 750 mm, D = 150 mm) was positioned near to the optical access (5 246 

mm of the CFV window). The objective of this lens is to focus the light onto the Fourier 247 

plane where an iris diaphragm with a cut-off diameter of 5 mm was located. The UV lens 248 

and the iris diaphragm were separated by a distance of 750 mm. To quantify the process 249 

with values as the spray distance, speed penetration and spray angle, an image 250 

postprocessing was done by means of an in-house MATLAB code that is capable to 251 

subtract the background and define the spray contours by using a threshold of 60% of 252 

the maximum light. The penetration of the spray is quantified by the average distance 253 

of the further point of each jet during venting. The speed of the spray is calculated by 254 

derivation the spray penetration due to the temporal resolution of the images. Lastly, 255 

the cone angle is measured by the angle between opposite jets. The passage from pixel 256 

to millimetres is done with a spatial resolution calibration. As it is possible to observe, 257 

this calibration was checked with the diameter of the cell (18 mm). 258 

Images were recorded at 12000 fps (0.083 ms) using a Photron Fastcam NOVA high 259 

speed CMOS camera close to the iris diaphragm. The camera was equipped with a Carl 260 

Zeiss Makro-Planar T 100 mm f/2 ZF2 camera lens (Carl Zeiss, Aalen, Germany). The 261 

shutter time was kept constant in 1.66 µs for all the experiments while the resolution 262 

was kept at 640 × 784 pixel with a total magnification of 6.8 pixel/mm. The combination 263 

of the frame rate and resolution gives a total recording time of 2.0 s. An end trigger was 264 

used to obtain the precise moment of the venting. Post processing of the images to 265 

calculate spray distance and speed penetration, as well as angle of the spray, was carried 266 

out in a MATLAB code. Details about the code and the assumptions used in the post 267 

processing such as the threshold levels are presented in a previous work [34]. 268 

The Natural luminosity signal has as source the thermal radiation emitted during the 269 

combustion process by the lithium ion cell [37]. This technique provides a way to 270 

investigate the propagation of the flame, its stabilization and quenching during the 271 

thermal runaway. This technique uses a Photron Fastcam NOVA high speed CMOS 272 

camera with an exposure time of 0.208 µs and a frame rate of 6000 fps (0.166 ms) was 273 

used. A Carl Zeiss Makro-Planar T 100 mm f/2 ZF2 lens was installed in the camera. The 274 

image resolution was 768x720 pixels with a spatial resolution of 6.6 pixels/mm. This 275 

camera was positioned in perpendicular to the field of view as shown in Figure 2. A beam 276 

splitter is used to reflect the light to the camera which is manually triggered to record 277 

images from the start of the combustion. 278 



 279 

3. Results 280 

The results section is divided into two different parts. First, the thermodynamic results 281 

are presented, illustrating the effect of the different battery chemistries and 282 

environmental conditions on the temperature evolution and characteristic parameters 283 

of the thermal runaway process. Finally, the optical results from the schlieren and 284 

natural luminosity in the venting and combustion process are discussed in detail. 285 

3.1. Thermodynamic Results 286 

Six experimental tests were done with three battery chemistries and two oxygen 287 

concentrations in the continuous flow chamber (21% and 0%). Figure 3 shows the 288 

temperature evolution comparison for the same battery chemistry with Air (21% O2) and 289 

N2 (inert condition, 0% O2). The sensor located in the chamber shows the temperature 290 

evolution of the ambient that surrounded the battery cell and the cell temperature 291 

sensor shows the average temperature of three sensors located in the center and 292 

extremes of the cylindrical cell. Figure 3a and Figure 3b shows the LCO (Samsung 26J) 293 

cell in which is possible to observe that the instant of initiate the TR as well as the venting 294 

is similar between air and N2. The first phenomenon is identified by a suddenly increase 295 

of temperature with a peak above 300oC in the chamber and cell and the second 296 

phenomenon by a small decrease of surface temperature of the cell before the TR. Both 297 

processes will be described in the image section analysis with more details. Initially, it 298 

can be observed that the thermal runaway temperature onset is maintained, 299 

independently on the atmosphere that is used outside of the battery. This result agrees 300 

with the phenomenological explanation of the thermal runaway, where the main driver 301 

is attributed to the temperature increase. External temperatures may modify the heat 302 

transfer rate from the battery to the environment and vice-versa. But, since the 303 

temperature is maintained during the heating phase for both cells, the heat transfer 304 

phenomena is not very much dominant on the early phases of the TR.  During the 305 

thermal runaway evolution, the case with air (oxygen presence) achieves a higher 306 

chamber peak. Both cases show a similar temperature increase in the first instant, but 307 

the inert case had a higher temperature cell along all the TR process. The maximum 308 

internal temperature achieved during the thermal runaway is dependent on several 309 

factors. First, the SOC of the battery dictates the amount of intercalated lithium-ion that 310 

are charged (reactive mass) and may react during the thermal runaway. In addition, the 311 

venting process dictates the quantity of mass that is released in the early phases of the 312 

battery decomposition. Since this mass is expelled to the environment, it will not 313 

contribute to the internal temperature increase. State-of-charge differences are 314 

discarded in this case, since each of the cells were conditioned by means of a rigorous 315 

process using charge controller devices. In this sense, the differences observed in the 316 

temperature evolution might be related to the amount of mass that remains inside the 317 

battery during the thermal runaway as well as the heat transfer from the cell to the 318 

environment for high temperature conditions, i.e., conditions were the CFV 319 

temperature is modified by the TR. The former is hypothesized to be the most relevant 320 

parameter in this case, since the CFV temperature profiles does not demonstrates any 321 

direct behavior with what is seem in the cell temperature. It is evident that the mass 322 

expelled during the thermal runaway occurrence cannot be assured to be the same from 323 



cell-to-cell experiments, since the main driver of the mass flow (pressure gradient) is a 324 

consequence of the geometry of the nozzles, the rupture of the safety disk, the 325 

deposition of material along the nozzles, etc. In this sense, it is believed that the 326 

modifications of the environment conditions and the avoidance of flame outside of the 327 

cell, could be a factor that influenced the release of mass from the battery to the 328 

environment during the high temperature phase of the thermal runaway. It is important 329 

to notice that the battery cell was heated with a constant heat ramp of 11oC/min until 330 

the TR finish. This means that the cell temperature reaches the chamber temperature 331 

after the suddenly increase. 332 

Similar investigation was done for the NMC (Samsung 20R) and the LFP (NX9073). Figure 333 

3c and Figure 3d shows that the venting was seen at similar time for both cases, but the 334 

TR was first for the oxygen content case. Despite the cell temperature peak was close 335 

for both conditions, the chamber temperature was 2 times higher for the air case than 336 

in inert conditions as seen for the NMC cell. The increase of the temperature of the 337 

environment due to the combustion of the expelled gases modifies the conditions for 338 

heat transfer from the cell to the environment. In this scenario, the Newton cooling law 339 

results in a deteriorated heat transfer from the cell to the environment, requiring more 340 

time to transfer the heat generated inside the battery to the environment and also 341 

resulting in higher peak temperatures. This is also subjected to the assumptions made 342 

for the LCO chemistry (same quantity of vented gases). Lastly, the LFP was the cell with 343 

more variation between both ambient conditions (Figure 3e and Figure 3f). The TR starts 344 

first for the air case and the cell peak temperature was higher than inert case. However, 345 

the most noticeable difference with the other presented cases is the chamber 346 

temperature similar for both cases. This will be explained in the next section due to the 347 

presence or not of flame in the top of the battery cell. 348 
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Figure 3 – Comparison between Air and inert N2 atmosphere for three cell chemistries. Continuous flow 349 
vessel (CFV) chamber temperature and battery cell temperature for a heating ramp of 11.0°C/min. 350 

To better understand the differences between chemistries, Figure 4 depicts the previous 351 

temperature profiles but compared by cell type in the same ambient conditions. This 352 

graph allows to observe that the NMC is the first cell to enter in TR, followed by the LCO 353 

and lastly the LFP.  This result concurs with the observations from Yuan et al. [23] and it 354 

is attributed to the intrinsically stable nature of Fe and the low oxygen generation by 355 

the cathode decomposition. Also, the peak temperature follows the same trend when 356 

the chamber sensor is seen. For the cell average temperature, the maximum value is 357 

similar between NMC and LFP and a slightly lower for the LCO. Despite the delayed TR 358 

for the LFP, it is the first cell in venting followed by the LCO and NMC. This means that 359 

the LFP has the largest safety time (defined as time between venting and TR). 360 

For the inert case, the NMC and LCO shows similar TR trend with close time event and 361 

peak temperature on the chamber and cell surface. The LFP shows, as in the O2 content 362 

case, a delay in the TR and an early venting with respect to the Samsung LCO and NMC 363 

cells. The chamber and average cell temperature were lower than the other two 364 

chemistries. This confirms that for both ambient scenarios the LFP shows the highest 365 

safety time and lower ambient temperature. For a safety perspective, this is a positive 366 

Venting

TR

Venting

TR

Venting

TR Venting

TR



point due to the impact that this may have on other cells, battery case and prevention 367 

system. 368 

  
(a) (b) 

 
 

 
(c) (d) 

Figure 4 – Comparison between cell chemistries when is tested with Air and inert N2 atmosphere. 369 
Continuous flow vessel (CFV) chamber temperature and battery cell temperature for a heating ramp of 370 

11.0°C/min. 371 

The details of the main significative parameters of the venting and TR seen in Figure 4 372 

(previous) are summarized in Figure 5 and Figure 6. These figures are interesting since 373 

they allow to identify both processes in terms of temperature and time. For the three 374 

cells, the average venting temperature was 173oC with a standard deviation of 14oC. 375 

Separating in air and N2, the average values are 178oC and 167oC, respectively, with a 376 

similar standard deviation around 11oC. Focusing on the battery chemistry, the LCO, 377 

NMC and LFP shows: 179oC, 182oC and 157oC, respectively. Observing the battery 378 

chemistry in both ambient conditions the standard deviation is drastically reduced 379 

below 2oC. The case that did not reduce this variation is the LCO with 15oC. Despite the 380 

LCO shows different trend, the ambient conditions do not have a strong influence in the 381 

moment and temperature that the venting is produced. The main change is the battery 382 

chemistry. 383 

TR

TR

TR

TR



The smoke event, which marks the start of the thermal runaway shows average values 384 

of 230oC and 236oC for air and N2, respectively, with a similar standard deviation around 385 

18oC. Focusing on the battery chemistry, the LCO, NMC and LFP shows smoke at: 227oC, 386 

214oC and 257oC, respectively. As was seen for the venting, the battery chemistry is the 387 

most influencing parameter due to the drastically reduced of the standard deviation 388 

below 4oC for the three cases. 389 

These results are strongly influenced by the cathode layering and composition and by 390 

the cell manufacturing. The former promotes the stability of the cell, as previously 391 

referred in this section. For example, the addition of Fe in the cathode layer provides 392 

much higher stability than low Cobalt chemistries such as NMC and NCA. This dictates 393 

the onsets of the battery thermal runaway, i.e., the temperatures where the exponential 394 

temperature increase is realized. Nonetheless, another important battery feature needs 395 

to be accounted in these comparisons. Each battery cell is unique in terms of safety vent 396 

cap production since it is not possible to assure an exactly equal production process. 397 

Moreover, each cathode chemistry can have its own vent cap opening pressure. This 398 

seems to be the case, for example, for the LFP chemistry, where the first venting event 399 

is evidenced much earlier in temperature compared to the NMC and LCO, despite being 400 

a much stable cathode chemistry.  The proper definition of the vent cap opening 401 

pressure requires dedicated experiments and instrumentation and will be introduced in 402 

future investigations.  403 
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Figure 5 – Main parameter of thermal runaway by thermal abuse in terms of temperature measured in 404 
the battery cell. 405 
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(c) 

Figure 6 – Main parameter of thermal runaway by thermal abuse in terms of time measured in the 406 
battery cell. 407 



3.2. Visualization results 408 

The visualization section is separated in two parts due to the two main events during 409 

the battery thermal abuse. The first event is the venting of the liquid electrolyte and all 410 

gases generated by the decomposition of the different layers. In the thermodynamic 411 

analysis, it was seen a decrease of the battery surface temperature of around 5oC 412 

without any relevant change in the chamber temperature measurement. The second 413 

event is the thermal runaway, seen in the previous analysis as a self-heating phase 414 

where the battery cell temperature increases progressively until a suddenly increase of 415 

the temperature. A peak is reached in both, the cell, and the chamber, followed by a 416 

cooling phase of the battery cell with the ambient temperature that continues 417 

increasing with the heating ramp set.  418 

Based on a previous work of the research, group [34], during the venting process both 419 

liquid and gas are expected to be released by the venting cap . Therefore, the Schlieren 420 

technique is applied as shown in the methodology. On the other hand, on the thermal 421 

runaway is generally seen a flame formed in the surrounding of the cell due to the fuel 422 

gases and the hot temperature of the chamber and cell surface. Therefore, the natural 423 

luminosity optical technique is applied to identify the flame growth and development 424 

along the event. To observe the smoke formation that can be found in some battery 425 

chemistries, the light of the schlieren was maintained. Therefore, in the camera of NL 426 

the smoke will be identify as an attenuation of this light. 427 

Venting Process 428 

The venting process was captured by means of the Schlieren technique for the 6 cases 429 

(three chemistries and two oxygen contents). Figure 7 shows the first 4 ms since is 430 

possible to see any ejection of liquid or gas. The frame rate used was 12,000 fps (0.0833 431 

ms). Therefore, as the time step used in Figure 7 is 0.5 ms, there are 5 figures between 432 

each figure showed below. This is mentioned to show the accuracy of the first instant 433 

that is possible to see the venting of cell component. For the brevity of the manuscript, 434 

all figures can be seen in the video on the supplementary material. From a qualitative 435 

point of view, in Figure 7 it is possible to observe that the LCO have a wider spray cone 436 

with more visible jets. This is mainly due to the double number of holes (six holes) than 437 

the other two cells (3 holes). Due to the camera position, in the six holes vent cap of the 438 

LCO is only possible to see three clear jets. For the other cells, NMC shows clear two jets 439 

and the LFP in the beginning only on jet but after 2.5 ms is divided into three jets. After 440 

the test ends, it is possible to see that the vent cap rupture obstructs one hole. This 441 

explains the two visible jets. 442 

Furthermore, for the same cell chemistry in different ambient conditions, the spray have 443 

large changes. As the properties of gas density, diffusivity among other is close for Air 444 

and pure N2, the variation can be more related to the venting process and the cell 445 

behaviors. The vent cap rupture in an irregular way can influence in the ejection of the 446 

liquid, gas and, in less quantity, solid parts of the battery cell. In the first 4 ms it is 447 

possible to see a large amount of liquid being released together with gases. This can be 448 

appreciated for the dark color of the images instead of a simple grey variation when is 449 

only gas detected. 450 



Figure 8 shows a sequence with 400 ms with a time step of 50 ms for better appreciate 451 

all venting process. The LFP shows large time of liquid ejection with higher droplets size 452 

for both air and N2 cases. On the other hand, the NMC was the first to finish the 453 

combined liquid-gas phase to continue only with gas ejection. After the 400 ms, all cells 454 

continue ejecting gas but with low intensity until the thermal runaway. 455 

 456 

Figure 7 –Schlieren Technique for venting process with 0.5 ms of step time. 457 
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 458 

Figure 8 –Schlieren Technique for venting process with 50 ms of step time. 459 

Figure 9 shows a quantitative analysis of the first instant of the venting process in which 460 

there is no wall interaction, and the ejection is mainly liquid phase for the three 461 

chemistries with air. The results shown in Figure 9a are the average of the jet distance 462 

from the vent cap center as well the speed derivative from the last measured parameter. 463 

The NMC has the fast growth in the beginning of the process (until 1 ms) with a peak 464 

speed of 50 m/s instead of 30 m/s for the LCO and LFP, but after 3 ms the trend is 465 

reverted. The NMC starts to have less ejected liquid. Therefore, the spray starts to 466 

decrease while for the LCO and LFP the spray is maintained. The other interesting 467 

parameter is the cone defined as the angle between the left and right jet (Figure 9b). 468 

The results show that LCO start with a wide angle and after 3 ms the three jets are closer 469 

with a constant angle around 110o. The NMC with two jets maintains an angle around 470 

85o for the entire process. Lastly, the LFP spray cone angle graph shows that start the 471 

three jets close to the vertical axis and then it opens with the three jets making a cone 472 

of 50o. It is possible to observe that despite the NMC and LFP have three holes the spray 473 

is different due to the fabricant design, vent cap rupture and liquid content. 474 
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 475 

 476 

 477 

Figure 9 –Schlieren Technique for venting process with 50 ms of step time in terms of average jet 478 
distance from the vent cap, angle between right and left jets (cone angle) and average speed obtained 479 

from the measured distance. 480 

Combustion Process 481 

After the venting process seeing in the previous section, it exists a period of self-heating 482 

until the point that the cell enters in thermal runaway. In the thermodynamic analysis 483 

can be seen as a suddenly increase of the temperature with the cell surface up to 700oC 484 

and chamber up to 500oC. This section shows the thermal runaway with a natural 485 

luminosity technique taken with a frame rate of 6000 fps. As it was mentioned in the 486 

methodology, the light source is maintained for the smoke visualization. 487 

Figure 10 shows the six cases with a time step of 100 ms to observe almost one second 488 

of the thermal runaway process. The LCO and NMC cells in air environment show flame 489 

propagation from the vent cap. Despite being a continuous flow, the gas and 490 

temperature were enough high for the combustion ignition and maintenance. The LCO 491 

did not show smoke period and the flame propagates in the same three jets observed 492 

during the venting process (see Figure 7). The NMC did not show a clear preferential 493 

flame propagation, being all around the vent cap. The other information that can be 494 

obtained is that to perform a spatial characterization, as was done with the spray during 495 

the venting process, is not an easy task. The flame has random propagation with changes 496 

due to the inlet CFV gas and gas flow from inside the battery. For the LCO, the flame is 497 

sustained in three clear jets. However, the NMC shows a not defined flame with part 498 

being downstream. 499 

The main different behaviour was seen in the LFP, which in presence of oxygen did not 500 

show flame. For this cell, the smoke is less intense than the inert case. In addition, a 501 



characteristic of this test is that the vent cap was totally ruptured and the interior of the 502 

cell was expulsed to the outside. The reader is invited to see the supplementary material 503 

to observe the final state of the cell. 504 

The inert cases (no oxygen content) did not show flame. Despite several studies show 505 

that the vent gas contains oxygen, but it is not enough for the flame ignition. All cells 506 

show an intense smoke generation with difficulties to observe the cell after 500 ms. This 507 

drops the conclusion that using a battery package without air content inside can be a 508 

good alternative to avoid flame propagation. However, the temperature increase cannot 509 

be avoided with inert atmosphere as shown in the thermodynamic analysis. For the 510 

three cells, the smoke is intense and cannot be removed easily in spite of the high CFV 511 

volumetric flow of inlet gas. 512 

 513 
Figure 10 – Natural Luminosity during thermal runaway with 100 ms of step time. 514 

Lastly, Figure 11shows the mass loosed of each cell during the experiment. The mass is loosed 515 

in the venting process due to the material expulsion, gas generation by the chemical reaction 516 

and liquid expulsion. In addition, the thermal runaway additional mass is loosed. These values 517 

are calculated by difference between the mass cell before and after the experiment by a high 518 
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precision scale. Figure 11 depicts that the main difference was seen for LFP in air content. The 519 

images shows that the venting is like the case in inert condition, but the smoke event and 520 

absence of fire will end in a less amount of mass loosed. For the others cases the mass loss is 521 

similar with around 43% of the initial mass. 522 

  
(a) (b) 

Figure 11 – Mass difference after and before the test (a). The mass percentage loss (b) is calculated as 523 
the mass difference divided by the initial mass. The graphs present the results for LCO, NMC and LFP 524 

batteries in Air and N2. 525 

4. Conclusion 526 

This study analysed the behaviour of different commercial 18650 lithium-ion cells in 527 

inert and air atmosphere in a continuous flow vessel. The cells were heated with a 528 

constant ramp of 11.0oC/min until the thermal runaway occurrence. Different 529 

thermocouples were attached to the cell surface as well as the chamber. An optical set 530 

up was used for the venting and combustion record during the cell heating. The 531 

combination of both thermodynamic and optical analysis has allowed to obtain 532 

interesting insights considering both the different cathode chemistries and CFV 533 

environments. The main conclusions can be summarized as: 534 

Cathode Chemistry: 535 

 The NMC showed the fastest spray with top speed of 50 m/s in the first 1 ms 536 

while rapidly reduce the amount of liquid and gas ejected compared to the LCO 537 

and LFP. In addition, for this cell only two jets of the three holes could be saw.  538 

 The LCO and LFP showed similar initial speed 20 m/s and maintained a constant 539 

speed of around 12 m/s until 4 ms. After that, the speed starts to decrease and 540 



from this point until the thermal runaway, the gas ejection occurred in a low 541 

proportion. 542 

 The safety time measurements show that LFP allows for up to 5 min compared 543 

to the NMC, which showed only 2 min of safety time.  544 

 The LCO showed a variation of 1.1 min between the air and inert cases with an 545 

average safety time of 2.7 min. The venting was produced after 13 min of heating 546 

and the thermal runaway vary from 17 to 19 min after the experiment starts. 547 

Environmental condition: 548 

 In the cases with air, the LCO and NMC showed a high increase of the 549 

temperature chamber gas (increase of 300oC), while for LFP was only around 550 

50oC. 551 

 The optical technique allowed to identify this difference by the absence of fire in 552 

the case of LFP. The inert atmosphere prevented the fire. Other studies show 553 

that the vent gas has oxygen as part of the gas composition. However, from the 554 

results of this investigation, it could be concluded that the oxygen released from 555 

the cell inside is not enough to initiate the combustion process. 556 

 Despite not having external combustion, the cell surface temperature is still high 557 

for the N2 environment, reaching levels comparable to the air atmosphere cases. 558 

The individual observations allow to conclude that the absence of reactive environment 559 

outside the battery cells offers an effective pathway to supress the combustion initiation 560 

of the vented gas. This does not offer only a way of reducing the damage of the battery 561 

case but also reduces the heat transfer from the battery entering in thermal runaway to 562 

those of the vicinity by both convective and radiative heat transfer. This certainly offers 563 

an edge on avoiding the progressing of the thermal runaway process to other cells. 564 

Finally, the use of inert atmospheres also allows to extend the venting and smoke times, 565 

providing extra opportunities for system actuation and for leaving the vehicle.  566 

Future studies will focus on studying the gas and liquid composition of the vent gas as 567 

well as a spectroscopy optical technique to understand the chemical species generated 568 

in the thermal runaway when oxygen is present in the atmosphere.” 569 

 570 

Abbreviations 571 

LFP Lithium Ferrum Phosphate ICR  Lithium Cobalt Rechargeable  

BEV Battery Electric Vehicles  LCO Lithium Cobalt Oxide 

BTR Battery Thermal Runaway Li  Lithium Ferrum Phosphate 

C.V Control Volume mm Millimeter 

CFV Continuous Flow Vessel  ms Millisecond 

deg 
Degree 

NCA 
Nickel Cobalt Aluminium Battery Cell Cathode 
Material 

f Focal Length NL Natural Luminosity 

f/ Focal Number nm Nanometer 

fps 
Frame Per Second NMC 

Nickel Manganese Cobalt Battery Cell Cathode 
Material 



Gr Graphite OH* OH Radical 

Gr+SiOx 
Graphite And Silicon Oxide 
Composite 

S 
Sulphur 

ICCD 
Intensified Charged-Coupled 
Device 

SEI 
Solid Electrolyte Interface 

ICE Internal Combustion Engine UV Ultra Violet 

ICEVs 
Internal Combustion Engine 
Vehicles   
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