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Despite widespread recognition of the serious risk of battery thermal runaway (BTR) in lithium-ion batteries, the process and
associated external ignition mechanism remain poorly understood. In this study, BTR was measured using thermodynamics
and visualization techniques in 10 lithium-ion batteries under thermal abuse conditions. The venting speed was measured by
particle image velocimetry and boundary detection. The external ignition mechanism was characterized in terms of flame area.
The average BTR onset temperature across the 10 test batteries was 215.6°C. The average maximum temperature was 831.1°C,
and the variation between experiments was high compared with the BTR onset temperature due to swelling, repairing, and
venting. BTR occurred in four stages (ejection of vent gas with flame, extinction of flame, random and simultaneous ignition,
and flame propagation and flame jet formation). The initial average venting speed was approximately 123.8 m/s. The structural
and venting speeds of vent gas were similar after a stable flame jet formed. The speed of the core of the gas jet peaked at 20 to

40 m/s. The venting speed decreased as the distance from the jet core increased.

1. Introduction

Unprecedented climate change due to rising anthropogenic
carbon emissions since the onset of the Industrial Revolu-
tion is a well-documented phenomenon, and efforts are
being made to reduce carbon dioxide emissions worldwide
[1]. To reduce emissions from the transportation sector,
which accounts for 20% of industry-related carbon emis-
sions, governments and companies around the world are
attempting to replace internal combustion engines with elec-
tric battery-powered vehicles [2-4]. However, as reported
previously, several problems with electric vehicles remain
to be solved. First, from a life cycle perspective, electric vehi-
cles still generate carbon dioxide emissions [5]. The energy
density of batteries also tends to be lower than that of the
fossil fuels used to power an internal combustion engine,
hindering long-distance driving. Much research is now
devoted to reducing battery charging times and lowering
costs [6-8]. In addition, electric vehicle charging stations
must have constant access to electricity, and active govern-

ment support is required to build and maintain the charging
infrastructure. Lithium-ion batteries with a high-energy
density and long cycle life [9-11] are currently considered
the most reasonable choice for electric vehicle batteries [12,
13]. However, the most concerning issue is battery safety,
especially the risk of battery thermal runaway (BTR).
Numerous cases of battery-related accidents have been
reported over the past decade [14, 15], with BTR-induced
smoke, fires, and explosions the most commonly reported
accidents involving lithium-ion batteries. BTR has various
causes and is difficult to control or suppress. To successfully
expand the supply of electric vehicles, it is necessary to fully
understand BTR and to find ways to mitigate it [16, 17]. BTR
has been reported to be caused by mechanical abuse, electri-
cal abuse, and thermal abuse. In mechanical abuse, the bat-
tery separator is torn by collision or crushing during a car
accident, and BTR occurs due to an internal short circuit
[18]. Additionally, combustible electrolyte may accidentally
leak to the outside and be ignited by an external ignition
source, resulting in BTR. Penetration is another common
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phenomenon during a car crash and can cause internal short
circuit quickly [19, 20]. The external short circuit [21, 22],
overcharge [22-24], and overdischarge [25-27] are common
causes of BTR due to the electrical abuse. Overheating caused
by poor connection or high-temperature environment can
also cause BTR [14, 28, 29]. A characteristic of BTR is that it
is mostly accompanied by an internal short circuit. When an
internal short circuit occurs, the separator is damaged and
the anode and cathode come into contact, releasing high-
temperature heat through a rapid oxidation-reduction reac-
tion. In addition to causes such as external shocks, spontane-
ous internal short circuits caused by contamination or
defects during manufacturing can also occur [30]. These
chemical reactions produce combustible gases and, together
with electrolyte vapor and continuously generated energetic
substances, increase the pressure inside the battery cell, which
can cause damage [31, 32]. Gas generation is affected by exter-
nal conditions, state of charge (SOC), and battery aging state.
In most experimental studies, venting process occurred before
the BTR, independent of battery chemistry and SOC. The
sequence of physical and chemical processes in BTR has been
examined in various studies. The discharged combustible gas
can ignite inside or outside the battery depending on condi-
tions such as temperature, pressure, speed, electrolyte compo-
sition, and external convection. Combustible gases can ignite
due to causes such as sparks, hot particles, or spontaneous
combustion, but the flame can be extinguished depending on
the flame propagation speed and oxygen concentration. As a
result, in the case of a serious battery fire, the requirements
for both ignition event and flame propagation must be met.
Studies on various ignition mechanisms represent the need
for in-depth understanding and analysis of vent gas ignition
and combustion. Gas composition and solid particle composi-
tion are major factors affecting combustion reactions and have
been investigated through experimental approaches [33-37].
Additionally, ignition characteristics, flame propagation
speed, contaminant formation, laminar combustion speed,
heat release rate, etc. have been studied using computational
fluid dynamics to understand BTR [38-40].

Direct observation of a phenomenon is an intuitive and
effective method. Optical diagnostics have been commonly
used to visualize fuel spray and combustion in the field of
combustion engine [41-43]. In BTR, the released combusti-
ble gas and electrolyte are ignited by an ignition source or
high temperature, and the flame propagates. This process
is similar to an internal combustion engine in terms of com-
bustion characteristics. Therefore, optical diagnostics have
been used to analyze the combustion of BTR.

Jia et al. [44] utilized visualization results to evaluate
BTR characteristics at the low-pressure conditions. Fang
et al. [45] analyzed BTR characteristics depending on SOC
and spacing based on the temperature data with visualiza-
tion results. Thermal runaway suppression effect of water
mist was also evaluated using visualization [46-48]. How-
ever, they did not observe BTR by applying special optical
techniques and used it for qualitative analysis. On the other
hand, some researchers actively used visualization tech-
niques in BTR analysis to quantitatively measure flame
structure, gas composition, and gas velocity. Chen et al.
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TaBLE 1: The sequence of battery charging.

Step  Action Mode Control parameter Value
. Temperature 25°C
1 Rest Soaking i
Time 1h
. Current 1/3C
2 Discharge Constant current L
Voltage limit 25V
3 Rest Time 20 min
Current 1/3C
Constant current L
Voltage limit 42V
4 Charge
Voltage 42V
Constant voltage .
Current limit 1/20C
5 Rest Time 1h

[49] used infrared imaging technique to observe the outlines
of a jet fire and high-temperature mixture in BTR.
Tschirschwitz et al. [50] investigated vent gas composition
qualitatively by using Fourier transform infrared and diode
laser spectroscopy. Finegan et al. [51] used high-speed syn-
chrotron X-ray computed tomography and radiography
with thermal imaging. They evaluated internal structural
damage and thermal behaviour during BTR. Visualization
results can be also utilized to validate simulation model.
Wang et al. [52] used laser tomography to validate multi-
scale model for battery venting. Recently, BTR visualization
was performed by applying schlieren and natural luminosity
techniques in a constant volume chamber which is used to
visualize fuel spray, as reported by Garcia et al. [53-55].
They confirmed the BTR generation temperature based on
temperature data and visualization data. They characterized
the liquid electrolyte, venting gas, and combustion processes
using a high-speed camera. Additionally, the BTR process
according to ambient air composition and SOC was quanti-
fied by measuring venting speed and venting angle. How-
ever, the small volume of the chamber resulted in low
image quality, which limited quantitative analysis.

Despite various BTR evaluations and interpretations,
quantitative characterization of the flame propagation process
and ignition mechanism remain insufficient. In addition, most
previous studies which conducted visualization of BTR pro-
cess adopted low frame rate and wide visualized areas, making
it difficult to analyze the flame propagation process and initial
ignition. In this study, BTR onset temperature and maximum
temperature were measured in 10 lithium nickel cobalt man-
ganese oxide (NCM) 811 batteries. We quantified BTR by cal-
culating venting speed using particle image velocimetry (PIV)
and a boundary detection method. Four stages of external
ignition mechanism are explored, and the characteristics of
each stage are described using calculations of flame area. These
quantitative analyses and indices can be used to establish sim-
ulation models and validation.

2. Methodology

This section provides information on lithium-ion cells and
experimental conditions for visualizing BTR during thermal
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FIGURE 1: Schematic of the experimental setup for thermal runaway evaluation: (a) open-type acrylic chamber and (b) heating system for

thermal abuse of a lithium-ion battery.

abuse of a single-charged cell. The open-type acrylic
chamber, visualization technique, and image processing
method used in the visualization experiment are described
in detail.

2.1. Experimental Setup. BTR visualization is difficult due
to the large amount of gas that is ejected and the speed
at which the visualization chamber fills with gas. Ejected
gas degrades image quality, limiting quantitative analysis.
In this study, an acrylic chamber larger than a general
constant volume chamber was fabricated for BTR visuali-

zation. Because it is an open-type chamber, sufficient
oxygen was available inside the chamber. In addition,
the chamber was ventilated after image acquisition to
prevent flow from affecting the BTR process. Ten NCM
811 batteries (325 x 100 x 9.5mm?) were evaluated. The
test batteries had a rated voltage of 3.7V and a capacity
of 56.2 Ah. The state of charge was 100% in all BTR
experiment (constant current-constant voltage charging).
A profile of battery charging condition is tabulated in
Table 1. A detailed schematic of the experimental setup
is shown in Figure 1.



TaBLE 2: Details of experimental equipment.

Details

800 W, 70 Ah, 5V
0.05% FS (voltage), 0.1% FS (current)

Items

Battery charger

220V, 600 W
Maximum temperature: 600°C
Size: 300 x 100 x 2 mm”

Heater

4 channels
Resolution: 24 bits
Accuracy: 0.03%

NI 9239

16 channels
Resolution: 24 bits
Accuracy: 0.04%

NI 9214

Wavelength: 532 nm

Continuous wave
Power: 15 W

laser 3% power stability and 10 kHz modulation
With bandpass filter: VEO 710 L, Phantom
Camera Without bandpass filter: VEO 1310,

Phantom

The acrylic chamber had a volume of 6x 10°cm’
(1500 mm x 800 mm x 500 mm), and acrylic plates 5mm
thick were applied to the front, left, and right sides. Acrylic
plates were not directly exposed to the flame generated during
BTR, so that plates were not melted. However, solid particles,
debris, and soot generated during the combustion process
stuck to the acrylic surface. This phenomenon deteriorates
image quality, so that acrylic plates were replaced periodically.
A checkerboard-style wire mesh was applied to the upper sur-
face of the chamber to prevent damage to the exhaust line
from particles ejected during thermal runaway. A laser sheet
was formed at the initial gas ejection position using a contin-
uous wave laser (532ns, 15W output) and convex and con-
cave lenses. The BTR process was photographed using high-
speed cameras on the left and right sides of the acrylic cham-
ber. A bandpass filter (532 nm + 10 nm) was applied to one
high-speed camera to capture only the 532nm wavelength,
and BTR was quantitatively evaluated by applying the PIV to
the particles (solids and droplets) ejected. To generate BTR
by thermal abuse, the system was configured as shown in
Figure 1(b). A flat heater (300 x 100 x 2mm°, 600 W) was
installed, and thermocouples were attached to the upper and
lower surfaces of the battery to measure temperature change
over time at the center of battery. The heater area was approx-
imately 92% of the battery surface area. Because a pouch-type
battery expands when heated, the contact area with the flat
heater was reduced such that smooth heat transfer was not
possible. To compensate, insulators and metal plates were
attached to the upper and lower surfaces of the battery and
heater and fixed with bolts. A heating rate of 10°C/min was
maintained by minimizing the decrease in heat transfer due
to battery swelling. Temperature data were measured using
an NI 9214, and experiments were performed in synchroniza-
tion with a heater controller and camera. The voltage of the
battery was measured with an NI 9239. Details of the equip-
ment are described in Table 2.
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FIGURE 2: Characteristics of BTR images for measuring venting speed.

2.2. Quantitative Indices

2.2.1. Venting Speed. In this study, venting speed was mea-
sured using PIV and a boundary detection method to quantify
characteristics of BTR. PIV measurement is a nonintrusive
technique that visualizes and quantifies fluid flow patterns. It
provides detailed information about the velocity field of a fluid
by analyzing the movement of small tracer particles suspended
in the flow. In the process of thermal runaway of a lithium-ion
battery, evaporated electrolyte is ejected in the form of an
aerosol inside the battery. Solids ejected at the same time can
be used as tracers to quantify venting speed by applying the
PIV technique. However, application of PIV has limitations
due to the large amounts of gas, flame, and fragments and
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TaBLE 3: Specifications of the PIV system.

Items Details
High-speed camera

Camera (VE(% 711()) L, Phantom)

Laser Continuous wave laser
(532 nm wavelength, 15 W)

Region of interest 107 x 142 mm

Resolution 380 x 504 pixels

PIV image time interval (dt) 50 us

Frame rate 20,000 fps

Exposure time 20 us

64 x 64 pixels
(18 mm x 18 mm, 50% overlap)
32 x 32 pixels
(9 mm x 9 mm, 50% overlap)

Interrogation area

Correlation algorithm Fast Fourier transform

the direction of ejected gas. Figure 2 depicts the BTR process
over time, whether the PIV technique can be applied, and
how to measure the venting speed. Immediately after the seal
of the battery is disrupted, a large amount of electrolyte is
ejected to the outside due to the large amount present inside

the battery, as shown in Figure 2(a). The high gas density sat-
urates the light and limits the use of PIV. In this case, the vent-
ing speed—“distance divided by time”—can be measured as
the gas ejection distance. Due to the large amount of gas, light
is blocked, creating a shadow, and in this case, light saturation
occurs due to the high density of the gas, as shown in
Figure 2(b). In addition, debris generated when a battery cell
is damaged can be photographed, as depicted in Figure 2(c).
In situations such as those in Figures 2(b) and 2(c), PIV can-
not be applied. Because the gas is continuously ejected beyond
the regions of interest, it is difficult to determine the boundary
and measure the speed based on the distance or to apply both
boundary detection and PIV until the gas flow rate decreases.
When the gas flow rate decreases over time, distinguishable
electrolyte droplets and solids are ejected, as shown in
Figure 2(d), and the venting speed can be measured by evalu-
ating the image. As the vent gas is ejected at a random angle, it
is difficult to select an appropriate location for the laser sheet.
We fixed the laser sheet to the center of the cell, where the
pouch was most likely to be torn. Images were evaluated only
when vent gas was present in the laser sheet. As a result, PIV
measurement was successful, as shown in Figure 2(e).

Figure 3 shows the maximum and spatially averaged
speeds according to the size of the interrogation window.
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FIGURE 6: Image processing for calculating flame area.
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Both the maximum and average speeds converged in an
interrogation window size between 32x32 and 64 x 64,
and the maximum speed is shown. The average and maxi-
mum speeds decreased as the interrogation window size
became smaller than 32 x 32. Keane and Adrian [56] recom-
mended an interrogation window size four times larger than
the local mean particle image displacement. As the interro-
gation window size decreased, the valid detection probability
decreased due to violation of the “one-quarter rule.” How-
ever, if the interrogation window size increased, the number
of data points (vectors) decreased, hindering analysis of the
flow characteristics as shown in Figure 4. PIVLab [57],
MATLAB software, was used to evaluate images. The tradi-
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tional PIV uses pulsed lasers. Therefore, timing and syn-
chronization errors can occur during image acquisition,
but these errors were minimized in this study by using a
high-energy continuous wave laser and high-speed camera.
In addition, distortion and diffuse reflection on the surface
of acrylic plate were minimized by using a camera and lens
with a greater depth of field than thickness of laser sheet.
Since the acquired vector contains errors and the actual flow
velocity is unknown, standard images are used to evaluate
the accuracy of the algorithm. The bias error of the PIVLab
algorithm used in this study is less than 0.005 pixels and the
random error is less than 0.02. Considering the size of the
interrogation window, image time interval, and dynamic
range (maximum speed of 180m/s), the particle displace-
ment is less than 25% (2.25mm) of the interrogation win-
dow. The measured speed data is a result derived from
ejected solids and liquid droplets. Even if ejected at the same
pressure, the initial momentum and drag influence are dif-
ferent due to the difference in mass. Therefore, the measured
data are not representative of the venting gas speed. How-
ever, based on the actual ejected solids and liquid droplets,
the velocity of the main flow in the measurement plane
can be indicated. The ejection speed of gas, solid particles,
droplets, and flames during the BTR can be roughly inferred
through measured results. The details of the PIV system are
described in Table 3.

Figure 5 shows the image processing involved in measur-
ing the speed using the boundary detection method. The orig-
inal image, Figure 5(a), was converted to a binarized image,
Figure 5(b), and the boundary of the vent gas was derived
based on that image. Based on the ejection outlet where the
seal of the battery cell was torn, the longest distance was
selected as the maximum length (S). The ejection velocity
can be calculated as AS/At. The value At is the camera shutter
speed. Because this method calculates the distance by deriving
the boundary to measure the speed, it is possible to measure
the speed only for a relatively short section immediately before
exiting the region of interest. The initial ejection speed was rel-
atively rapid, and the ejectate quickly passed through the visi-
ble region. In this study, the ejection velocity was measured
using the boundary detection method until 0.9 ms after the
start of venting. Afterward, PIV was applied, the venting gas
flow rate decreased, and light saturation did not occur.

2.2.2. Flame Area. In this study, flames were measured to
quantify the characteristics of the BTR process. Figure 6
shows the image processing sequence used to calculate flame
area. Based on the original image, Figure 6(a), the flame was
extracted by filtering, as shown in Figure 6(b). The filtered
image was converted to a binarized image, as in
Figure 6(c). Flame area was derived by calculating the num-
ber of white pixels.

3. Results and Discussion

In this study, the BTR characteristics are quantified and ana-
lyzed based on the results of thermodynamic analysis and
visualization based on temperature data. The results are dis-
cussed in detail in a subsequent section.
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3.1. Thermodynamic Results. In this section, the temperature
characteristics during BTR under thermal abuse conditions
using a heating plate are analyzed.

The battery voltage, temperature rate, and temperature
under the conditions involved in raising the heating plate
energy to increase the battery temperature at 10°C/min are
shown in Figure 7. Temperature T1, measured at the ther-
mocouple between the battery and the heating plate, rose
10°C/min until BTR. Temperature T2, measured at the ther-
mocouple where the battery contacted the ambient air, was
affected by conduction within the battery cell and convec-
tion with the ambient air such that it increased relatively
slowly compared with T1. As the battery cell temperature
increased, the first reaction that occurred inside the cell
was solid electrolyte interphase decomposition on the anode.
This reaction takes place at a relatively low temperature of
69°C [58]. Subsequently, as the temperature gradually

increases, reactions between the anode and electrolyte and
between the cathode and electrolyte, electrolyte decomposi-
tion, and binder reactions occur [21, 59]. In addition, sepa-
rator melting during exothermic reactions created a short
circuit between electrodes. Eventually, breakdown of the
electrolyte and cathode leads to a rapid release of heat inside
the battery [60]. The internal short circuit and rapid temper-
ature rise appeared almost simultaneously. In addition,
when the pressure inside the battery increased due to the
gas generated by the reaction of the battery materials and
electrolyte evaporation, gas and materials were ejected. After
reaching the maximum temperature, the battery tempera-
ture decreased through the release of energy during venting.

The critical temperatures for BTR analysis include BTR
onset temperature and battery cell maximum temperature.
In this study, the BTR onset temperature, which was defined
as the temperature at the point where the temperature
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increased by 10°C/s or greater, was determined first. Figure 8
shows BTR onset and maximum temperatures. In the exper-
iments, the BTR onset temperature ranged from 208 to
223°C, with an average of 215.6°C. The maximum tempera-
ture averaged 831°C. The maximum temperature range was
from 818 to 1047°C. The difference depending on the exper-
iments was larger than the BTR onset temperature because
the pouch-cell swelling, reaping, and venting associated with
the gas and material ejection process were relatively random
compared with other battery types. In addition, there is also
an effect of the increase in the variability of the BTR of the
battery using the cathode material with a high nickel content
[61] used in this study. The thermocouple used in the exper-
iment was attached to the central surface of the battery.
However, because the degree of contact with the surface
can vary during the battery expansion and explosion pro-
cess, errors can be included in the measured temperature
data. Additionally, factors that increase the randomness of
thermal runaway include unidentifiable factors such as vari-
ations in the battery manufacturing process and a series of
chemical reactions that occur inside the cell. Therefore, the
measured temperature data contains errors. The onset tem-
perature and maximum temperature are affected by various
factors such as battery capacity, surrounding environment,
heating rate, and battery material. Even considering the dif-
ferent experimental conditions, the results of this study are
reasonable comparable with the results of previous studies.
Wei et al. [62] conducted experimental study on BTR char-
acteristics of various lithium-ion batteries with specifications
including capacity, cathode material, and package type. They
confirmed that the onset temperature was around 140 to
175°C or various NCM batteries with capacities from 51 to
115 Ah. This was reasonable considering that the melting
point of the separator material was 166°C. The maximum
temperature range was from 555 to 1066°C. A study per-
formed by Yuan et al. [63] also showed similar results. They

conducted their study on relatively low-capacity NCM bat-
teries (3.2 Ah). The measurement results showed an onset
temperature of 140 to 145°C and a max temperature of
845 to 998°C. Damage to the separator reduces the physi-
cal separation effect between the anode and cathode and
releases significant electrical energy when an internal short
circuit occurs, resulting in an unstoppable BTR. Therefore,
the material of the separator can greatly affect the onset
temperature. The separator coated by ceramic can main-
tain its structural integrity, resulting in the onset tempera-
ture over 200°C [64]. Therefore, many studies have
reported that the possibility of fatal BTR increases at tem-
peratures over 200°C.

3.2. External Ignition Mechanism under Thermal Abuse
Conditions. Figure 9 visualizes the results of BTR over time.
Figure 10 is a schematic of the external ignition mechanism
of BTR during thermal abuse. The chosen BTR process was
the best representation of the 10 battery cell visualization
results and was divided into four stages. In stage 1, the seal
of the battery cell was torn, and the electrolyte was ejected
in the form of an aerosol with flames. In stage 2, only the
venting gas was ejected from 9 out of 10 battery cells. The
flame was extinguished due to the high venting speed and
high venting gas concentration. In one test battery cell, the
flame generated in stage 1 propagated without being extin-
guished. Because the results were derived based on 10 bat-
tery cells, a statistical approach is difficult, but when
compared to previous research results, it is clear that the
ejection of combustible gas precedes the occurrence of a seri-
ous fire. In stage 3, flames that ignited randomly at multiple
points propagated rapidly to the surrounding vent gas. In
stage 4, the flame was fully developed, and lifting occurred
repeatedly at the jet outlet. In addition, the fully ignited
flame was not extinguished. The angle, area, and direction
of the flame changed continuously over time.
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F1GURE 13: BTR process from stage 2 to stage 4.

Figure 11 shows the initial stage immediately after tear-
ing of the seal in all 10 batteries. Vent gas was ejected in dif-
ferent shapes and directions for each cell, and all produced
flames. Ignition was possible due to the continuous temper-
ature increase and the presence of oxygen inside the cell dur-
ing thermal runaway of the battery [65, 66]. At stage 1,
experiment 1 showed a difference compared with other
repeated experiments: the flame in the initial stage was rela-
tively wide and surrounded the vent gas.

Figure 12 shows the venting speed 0.8 ms after venting
and the ensemble-average venting speed for each experi-
mental case. Experiment 4 was not included in the results
because the direction of the gas ejection deviated from the
laser sheet at the initial stage and speed measurements could
not be performed. For approximately 0.8 ms after the seal
was torn, vent gas was ejected from the 10 battery cells at
speeds between 19.8 and 247.2m/s, as shown in
Figure 12(a). When the cell pouch burst, the internal pres-

sure dropped rapidly, and the outlet diameter changed con-
tinuously, deforming the pouch and creating an irregular
and wide range of speeds, from a minimum of 101.5 m/s to
a maximum of 154.0 m/s, as shown in Figure 12(b).
Beginning with stage 1, flames formed three major
shapes (Figure 13). In case 1, the flame ejected along with
the vent gas in stage 1 was not extinguished. Rapid and
immediate flame propagation followed the edge of the gas
jet, and the flame expanded to a large area in a well-mixed
air-fuel (ejected electrolyte) mixture in front of the gas jet.
The flame at the front of the gas jet could not propagate in
the direction of the ejection outlet and was lifted and pushed
out by the gas jet. Ignition occurred inside the gas jet, and
the flame propagated rapidly to form a complete flame jet.
This phenomenon was observed from 1 out of 10 battery
cells. In case 2, the flame emitted with the vent gas was extin-
guished within a short time. Immediate ignition did not
occur while the vent gas was ejected but after approximately
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10ms, and the flame propagated. The cause of ignition is
thought to be the temperature increase resulting in sponta-
neous ignition of the high-temperature solid [55] ejected
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with the gas. The expanded flame was not extinguished but
continued to increase the ambient temperature and propa-
gate further. As a result, only repeated lifting formed a flame
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jet. Experiments 3 and 6 formed flame jets in the same
way, but the flame jet angle increased and decreased
repeatedly in experiment 6. The ejection outlet area, the
pressure inside the cell, and the angle of the torn pouch
changed continuously. In case 3, the flame ejected along
with the gas was extinguished as in case 2. Afterward,
ignition occurred at the front of the gas jet, but the flame
did not propagate for a relatively long time (more than
50ms). After that, a flame formed and propagated inside
the gas jet to form a flame jet.

Figure 14 shows the flame area over the period following
vent gas ejection. As described above, in case 1, the flame
grew simultaneously with the eruption. The flame area
decreased after approximately 18 ms but then grew rapidly
after 40 ms due to ignition inside the gas jet. In case 2, the
flame erupted after the seal was torn but was extinguished
within a short time. A second flame grew through simulta-
neous ignition and flame propagation processes approxi-
mately 10ms later. In case 3, flame growth was relatively
slow, starting at 60 ms. In all 10 experiments, the flame con-
tinued without extinguishing after covering an area of
approximately 100cm®. In this study, the point at which
the flame area exceeded 100cm” was defined as the main
ignition timing (MIT). MIT as defined in this study is influ-
enced by several factors. MIT can be affected by definition
and visualization area size. For example, if the flame area is
defined to be smaller, the MIT is advanced. Additionally,
unextinguished flames may exist outside the visible area.
Therefore, MIT may change if visualized in a wider area.
Finally, the measured MIT includes the randomness of ther-
mal runaway. Randomness is caused by various reasons such
as vent gas angle, speed, degree of tearing of the seal, and air-
fuel mixing characteristics. However, despite this influence,
MIT was defined for objective analysis of the thermal run-
away process by minimizing the researcher’s subjectivity.

Figure 15 depicts MIT for the 10 battery cells. In case 1,
the flame spread to more than 100cm?® in approximately
2.5 ms. The previous results show that in all test battery cells,
the first flame is observed immediately after the seal is torn
due to internal ignition or external ignition by hot particles.
In case 1, immediately after the seal was torn, the gas jet
ignited and the flame propagated rapidly (see Figures 11
and 13). In outskirts of the gas jet, air-fuel mixing is pro-
moted, and an equivalence ratio suitable for ignition can
be secured. In case 1, despite the high speed and high con-
centration of gas jet discharge, the flame did not be extin-
guished. The flame propagated along the outer edge of the
gas jet, resulting in short MIT was observed. As a result, in
case 1, the flame spread to more than 100 cm? in approxi-
mately 2.5ms. In case 2, it took an average of 22.25ms for
the flame ejected with the vent gas to reignite after being
extinguished and expand to an area of at least 100 cm”. In
case 3, there was successful ignition, but the flame did not
fully propagate, and lifting occurred. After approximately
74.8 ms, a stable flame was ignited and grew. Case 3 involved
an ignition delay of approximately 3000% compared with
case 1 but, due to the rapid flame propagation, showed a
similar level at 100ms after venting regardless of MIT
(Figure 14).

13
Case 1 Case 2 Case 3

100 > o e o >
%\ 80 Ao =70
%’3 ~3000% 7 ZZ
£ 60 4 - - -EEEEEE R -
]
2
gn 40 4 |-
E ~890% Avg. =22.25ms ;27
CRP R By a7/ sawan '/, S d
2 7l

0 =z

1 2 3 4 5 6 7 8 9 10
Experiment

Ficure 15: MIT.

We confirmed the difference of MIT between case 2 and
case 3 from captured images near MIT. Figure 16 shows
flame propagation over time near MIT. Figure 17 shows
zoomed-in images at MIT to observe solid particles clearly.
The difference in MIT between case 2 and case 3 is believed
to be due to the concentration and distribution of high-
temperature particles that can become an ignition source.
High-temperature particles can act as an ignition source
when emitted together with combustible gases. In addition
to the emission process of a large amount of solid particles,
bright solid particles (hot particles) were clearly observed
around the ignition point. It is known that solid particles
that can be generated when BTR occurs include metal ele-
ments such as Al, Cu, Ni, Co, C, P, S, and Mn, as well as car-
bon, carbonate, metal oxide, and aromatic compounds [67].
MIT was on average about 50 ms faster in case 2 than in case
3 (Figure 15). In case 2, it was confirmed that lots of pink-
colored solid particles (containing lithium) were released
widely. This was distinct from the orange-colored flame.
As shown in experiment 4 in Figure 17, ignition occurred
simultaneously around the released solid particles. On the
other hand, in case 3, the released solid particles were not
clearly observed compared to case 2. The large number of
solid particles and their wide distribution increase the possi-
bility of ignition. Therefore, case 2 showed a shorter MIT
than case 3 (approximately 50ms). As a result, in case 3,
ignition occurred as the venting speed and flow rate of vent
gas decreased and air-fuel mixing increased. In both case 2
and case 3, multipoint ignition occurred, but in case 3, igni-
tion occurred around the gas jet resulting in a flame jet.
However, in terms of safety assurance time, it cannot be con-
cluded that case 3, in which MIT was delayed, is safer than
casel and case 2 because a flame jet is formed within a very
short time (less than 0.1s). In conclusion, regardless of the
ignition mechanism, flame propagation was rapid during
BTR.

The development of a flame after main ignition timing
is shown in Figure 18. Because of the direction and speed
of the ejected gas, the flame did not propagate behind the
pouch. The flame occurred over a wider area than the gas
jet due to the strong turbulence generated around the gas
jet. The gas jet occurred continuously with repeated
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evaporation and release of the electrolyte inside the battery
cell. During this process, the ejection speed and ejection
range changed slightly over time. A strong gas jet intro-
duces ambient air in the gas jet (air entrainment), pro-
motes mixing of fuel (ejected electrolyte) and air, and
greatly contributes to flame expansion. However, in our
study, the flame could not propagate toward the battery
cell due to the formation of a flow in the opposite direc-
tion of the battery cell.

Venting speeds over time in experiment 3 are shown in
Figure 19. After the cell seal was torn, the venting speed
decreased as the pressure inside the cell decreased. Because
the average speed was calculated including the stagnant flow
field away from the gas jet, it showed a low average speed. As

the average speed cannot represent the venting speed, it
should be considered along with the vector field and maxi-
mum speed results. Experiment 3 produced maximum
speeds of approximately 20 m/s after venting, and the maxi-
mum speed occurred at the gas jet. The speed in this exper-
iment would not be measured from about TASOV 1ms to
50 ms. In this region, PIV was not possible due to light satu-
ration caused by a high vent gas flow rate, image quality
deterioration caused by impurities, and gas ejection outside
the laser sheet. The length of these intervals varied from
experiment to experiment because the position and angle
of vent gas in a pouch-type cell are random. In the early part
of venting when the speed was high, the gas jet was linear.
Therefore, if the initial ejection angle deviated from the laser



International Journal of Energy Research 15
Case 2
ignition
; EXP.2 EXP. 4
Hot par around
ignition point
Flame around the
238 mm
FIGURE 17: Zoomed-in images at MIT in case 2 and case 3.

Speed (m/s) 200 — . : : : :
0 25 LY SRR R AR R
wi/filter w/o filter 160 4 § _______ o o L
140 4 T v s Bt
EXP. 3

50 ms

Battery |§
:

Time after start of venting
150 ms 100 ms

200 ms

KGasjet

250 ms

FIGURE 18: Ensemble-averaged vector fields over time after main
ignition timing in experiment 3.

Venting speed (m/s)
8

[
(=]
4
N

0 50 100 150 200 250 300

Time after start of venting (ms)

—m- Measured by boundary detection
—m— Measured by PIV (maximum speed)
—&— Measured by PIV (averaged speed)

FIGURE 19: Venting speed over time in experiment 3.

sheet, the gas jet continued to escape the laser sheet until the
radial movement increased and the area of the gas jet wid-
ened due to the ejection outlet increase. The dominant fac-
tors affecting the length of the section in which the speed
cannot be measured were the ejection gas flow rate and the
ejection angle.

A comparison of the venting speeds for the four experi-
ments showed different flame propagation characteristics
among the 10 battery cells, as shown in Figure 20. The
results were compared in the region after 1,000 ms, when
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the vent gas flow rate was sufficiently reduced such that light
saturation did not occur, and the gas jet was located in the
laser sheet. Average speeds were low at less than 10m/s,
which was maintained over time, as shown in Figure 20(a).
The average speed was affected by vent gas area because
the spatially averaged speed was calculated by including
the stagnant area around the gas jet. Because the average

speed did not closely represent the gas jet speed, maximum
speed and vector fields were considered. Maximum speeds
were approximately 20 to 40 m/s and were similar over time,
as shown in Figure 20(b). In the measurement section, no
significant difference or tendencies were found for either
the maximum or the average speed because of an unstable
region created by rapid pressure drop inside the cell and a
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change in the exit cross-sectional area. The repeated pressure
increase due to continuous electrolyte evaporation and the
pressure decrease due to vent gas ejection formed a gas jet with
fluctuations. As a result, despite different maximum speeds at
the same time point, structurally similar shapes were evident
(Figure 21). In all experiments, the speed decreased as the dis-
tance from the center of the gas jet increased.

4. Conclusions

In this study, BTR was quantified using thermodynamics and
visualization of thermal abuse conditions for 10 lithium-ion
batteries. The BTR process was visualized using two high-
speed cameras in an open-type acrylic chamber. The venting
speed was measured, and the external ignition mechanism
was characterized. PIV and boundary detection were used to
measure venting speeds. The conclusions are as follows:

(i) The average BTR onset temperature was 215.6°C
and was similar across the 10 lithium-ion batteries.
The average maximum temperature was 831.1°C,
and the variation between experiments was high
compared to the BTR onset temperature due to
swelling, repairing, and venting

(ii) External ignition occurred in four stages. In all
experiments, the vent gas was ejected along with a
flame immediately after the battery cell was torn
(stage 1). The flame was extinguished with a proba-
bility of 90%, and only vent gas was ejected (stage
2). Multipoint ignition occurred randomly and
simultaneously (stage 3), and the flame rapidly
propagated and formed a flame jet (stage 4)

(iii) The average venting speed at 0.8 ms after the battery
cell seal was torn was approximately 123.8 m/s in the
10 experiments. The pressure decreased inside the bat-
tery cell due to the torn battery pouch, the pressure
increased due to evaporation of the electrolyte, and
the continuous change in exit cross-sectional area
due to pouch breakage caused irregular venting speeds

(iv) During BTR, flame propagation and extinction were
repeated; after the main ignition timing when the
flame area was greater than 100 cm?, the flame did
not extinguish, and a flame jet was formed. How-
ever, regardless of the main ignition timing, the
flame propagated rapidly and showed a similar
flame area at TASOV 100 ms

(v) In the 10 experiments, the structure and speed of
the venting gas were similar after a stable flame jet
was formed. The core of the gas jet showed the
highest speed at 20 to 40m/s, and the speed
decreased as the distance from the jet core increased

This study confirmed the utility of applying PIV to a quan-
titative evaluation of BTR and secured useful data for simula-
tion model validation. However, BTR characteristics were
analyzed for only a small portion of the entire BTR process.
Analysis of the BTR process at later time points is required.
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AMIT:  After main ignition timing

BMIT:  Before main ignition timing

BTR: Battery thermal runaway

MIT: Main ignition timing

NCM:  Lithium nickel cobalt manganese oxide

PIV: Particle image velocimetry
SOC: State of charge
TASOV: Time after start of venting.
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