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Experimental study of thermal
runaway process of 256Ah
prismatic nickel-rich battery

Ningning Wei and Minghai Li*

College of Locomotive and Rolling Stock Engineering, Dalian Jiaotong University, Dalian, China

Lithium-ion batteries (LIBs) are plagued by risks of combustion and explosion
during thermal runaway (TR), which hinder their broader applications. Currently,
there is limited research on thermal runaway experiments for batteries with a
capacity exceeding 200 Ah. In this study, a nhon-commercial 256 Ah prismatic
battery was utilized, featuring Li (Ni0.8Mn0.1C00.1)O2 as the cathode material and
silicon-doped graphite as the anode material. The investigation focused on the
thermal runaway characteristics of the battery under 100% state of charge (SOC)
conditions. Three repetitive thermal runaway experiments were conducted within
a 1000L lithium battery constant volume test chamber (AEC) under a nitrogen
environment. Temperatures at various points within the battery were recorded
during the experiments, and high-speed cameras were employed to capture
moments of thermal runaway. The research findings are as follows: 1) The ejection
velocity of smoke at the instant of safety valve opening was measured at
approximately 140 m/s, while the velocity of the ejected flame was
approximately 55m/s. 2) Within an extremely short time range after safety
valve opening, the temperature at the safety valve nozzle reached a peak value
of 701.8°C + 42 C. 3) The average duration of ultra-high-speed ejections was
measured at 5.0 + 1.6 s, high-speed ejections lasted for 11.9 + 2.7 s, and slow-
speed ejections exhibited an average duration of 21.6 + 3.7 s, resulting in a total
ejection duration of 36.2 + 4.7 s. This study provides valuable insights into the
original state of the jetting process during thermal runaway in high-capacity LIBs
and offers certain guidance for BTMS design.
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Abbreviations: Ts, Cell side surface center temperature, “C; Tg, Cell jet zone temperatures near the cell
safety valve, “C; Ta, Experimental chamber ambient temperature, “C; TR, Thermal runaway; D, Eruption
duration; Dy, Eruption duration; Dy, Fast eruption duration; D, Slow eruption duration; t,, End of ultrafast
eruption; t;, End of fast eruption; t;, End of slow eruption; t., Start of eruption; DMC, Dimethyl carbonate,
C3HeO3; ISO, International Organization for Standardization; HEV, Hybrid electric vehicle; EV, Electric
vehicle; AEC, Constant volume adiabatic experimental chamber; PCM, Phase Change Material; t, time;
OCV, Open circuit voltage; Ky, Gas explosion index; Ky g, Battery eruption index; LIB, Lithium-ion battery;
BMS, Battery management system; BTMS, Battery thermal management system; SOC, State of charge; P,
Pressure, kPa; EMC, Methyl ethyl carbonate, C4HgOs; C-rate, The charge and discharge current with
respect to its nominal capacity.
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1 Introduction

In recent years, the utilization of lithium-ion batteries (LIBs) has
witnessed an exponential growth rate, attributable to their
multifunctional design, which enables their extensive applications
across various domains. Lithium-ion batteries are commonly
their high
lightweight nature, and prolonged lifespan, rendering them

acknowledged for energy and power density,
increasingly prevalent in portable consumer electronics, electric
vehicles, and grid energy storage systems, among others.
Consequently, the surge in their utilization has correspondingly
amplified the scientific research endeavors focused on lithium-ion
batteries (Huang et al., 2023).

As one of the primary energy storage device failures, battery
thermal runaway is a potential occurrence in batteries with diverse
chemical characteristics (Quintiere, 2021; Wang et al., 2021; Gungor
et al,, 2022; Rappsilber et al., 2023), leading to severe consequences
such as fires and explosions. To address this issue, Battery Thermal
Management Systems (BTMS) have emerged as effective solutions
for monitoring and controlling battery temperature (Joshi et al,
2023; Kumar Thakur et al., 2023). By real-time monitoring of battery
temperature and implementing timely measures to mitigate
excessive heat, BTMS ensures that battery temperature remains
within an appropriate range, effectively reducing the risk of
thermal runaway (Choudhari et al, 2022; Talele et al, 2023).
BTMS enables dynamic adjustment of charging and discharging
strategies, such as charging current and voltage, based on the
battery’s energy density and temperature, thus maintaining safe
operating temperatures for the battery (Fan et al., 2023; Feng et al.,
2023).

When thermal runaway transpires in lithium-ion batteries, an
increasing amount of gas is generated within the battery. Upon
reaching a certain pressure threshold, the safety valve of the battery
ruptures, leading to ejection phenomena (Finegan et al., 2015). The
ejection event in lithium-ion batteries entails the release of thermal
runaway byproducts, encompassing not only the jetting flow of
emitted gases but also the discharge of liquids and solids from within
the battery, forming liquid and solid emissions. The ejected gases
constitute a primary combustible material contributing to the
formation of fires, while the ejection of high-temperature
particles also serves as a potential ignition source for the fires (Li
et al,, 2019b; Zhang et al., 2019b; Li et al., 2022),

The assessment of flame temperature in lithium-ion batteries
(LIBs) under ambient air conditions represents a commonly
employed approach for investigating jetting temperatures
(Quintiere, 2022). In a study (Zhang et al., 2020) the behavior of
LIB fires was examined, wherein temperature sensors were
positioned above a commercially available 50 Ah lithium iron
phosphate/graphite battery composed of five 10 Ah individual
cells connected in series. The results indicated the occurrence of
several temperature peaks in the vicinity of the fire as it erupted. At
100%, 50%, and 0% state of charge (SOC) of the battery, the highest
temperatures above the battery reached 1500°C, 1020°C, and 1091°C,
respectively.

In a custom-designed stainless steel cylindrical test chamber, Vijay
Somandepalli et al. (Li et al, 2019a) conducted thermal runaway
experiments under a nitrogen environment to investigate the quantity
and composition of gases released by lithium-ion batteries. The study
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utilized commercially available 2.1 A h (7.7 Wh nominal) lithium-ion
batteries, consisting of a negative electrode with graphite as the active
material and a positive electrode with lithium cobalt oxide (LCO) as the
active material. The experiments revealed that at 100% state of charge
(SOC), the maximum temperature of the enclosed container’s gas was
approximately 150°C, significantly lower than the peak temperature on
the battery surface (700°C). Similar experiments were performed in
reference (Zhang et al,, 2020), where the ejection process of thermal
runaway products from batteries was studied within a nitrogen-filled
enclosed container, and the temperature in the LIB ejection zone was
measured. The batteries used in that study were lithium-ion power
batteries for electric vehicles with a square housing and a capacity of
50 A h. The results demonstrated that during moderate charging states,
two intense ejections occurred, resulting in a sudden temperature drop
followed by a rapid increase in the ejection zone’s temperature. The
temperature in the ejection zone near the battery safety valve was higher
than that away from the valve, with the maximum temperature of the jet
reaching around 400°C, yet still lower than the highest temperature on
the battery surface (approximately 550°C) (Wang et al,, 2022).

After comprehensive analysis, the following conclusions can be
drawn: In an open atmospheric environment, due to the combustion
of ejected battery materials, the temperature of the ejected materials is
relatively high (above 1000°C). Therefore, the main purpose of using this
method is to study the fire characteristics of the battery rather than
investigating the temperature of the ejected materials before their
interaction with the surrounding air. In other words, this method
cannot directly provide the original temperature of the ejected
materials. The original temperature of the battery ejecta can be
obtained in a closed space with an inert atmosphere (Li et al, 20192;
Zhang et al., 2019b).

The objective of this study was to investigate the temperature
distribution across the surface of high-capacity nickel-rich batteries
and explore the variations in jetting temperatures under inert
conditions. A 256 A h non-commercial prismatic cell was employed,
with its cathode composed of Li(NipgCop1Mng1)O, (the experimental
cell being a fresh battery with zero cycles). Within a 1000 L test chamber
filled with nitrogen, we initiated thermal runaway in the battery through
external heating. The recorded parameters during the experiment
included the battery surface temperature (Ts), positive electrode
column temperature (Tp), negative electrode column temperature
(Tn), safety valve nozzle temperature (Tg), chamber pressure (P), and
chamber temperature (T,). Furthermore, we utilized the LIB jetting
index theory (Zhang et al., 2020) to analyze the heat flow characteristics
during ejection, aiming to assess the fire risks associated with high-
capacity LIBs. Additionally, the velocity of ejected materials at the
moment of safety valve opening was calculated based on high-speed
camera footage capturing the jetting flames. The findings of this study
contribute to a deeper understanding of the thermal runaway effects in
high-capacity LIBs and provide guidance for the storage and
transportation of LIBs.

2 Experimental methods
2.1 Battery sample

A non-commercial battery with a cathode material of
Li(Nip sCoo.1Mng;)O, was employed in this study. According to
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TABLE 1 Detailed technical specifications of the test cell.

Parameters Specifications

Cell mass (g) 3,420

Width (mm)xThickness (mm)xHeight (mm) 120 x 35x350

Nominal capacity (Ah) 256
Nominal voltage (V) 3.65
Minimum voltage (V) 2.75
Maximum voltage (V) 4.25

Main components of electrolyte DMC. EMC

Cathode active material Li(Nig3Coo,1Mny,)O,
Cathode coating thickness (pm) 61

Anode active material Graphite doped with 2.5% Si
Anode coating thickness (um) 73

Cathode current collector Aluminum foil
Cathode current collector thickness (um) 16

Anode current collector Copper foil
Anode current collector thickness (pm) 10

Shell Material Aluminum alloy

the manufacturer’s specifications, the battery has a rated capacity of
256 Ah and operates at a voltage of 3.65V. For further detailed
information, please refer to Table 1.

2.2 Experimental equipment

The experimental setup employed in this study consists of four
main components: the experimental chamber, the heating system,
the signal acquisition system, and the inert gas displacement system.

The experimental chamber used in this study is a 1000 L
constant-volume adiabatic chamber capable of withstanding a
maximum pressure of 2 MPa. It has a maximum axial dimension
of 1000 mm with a length-to-diameter ratio of 1:1. The chamber’s
door is hydraulically driven, allowing for complete internal sealing.

The heating system comprises a constant power heating plate
with a power output of 550W, which is of the same size as the
battery, to induce lateral heating for triggering battery thermal
runaway. A quartz plate is employed as a thermal insulation pad.
Additionally, a battery fixture is utilized to provide preloading force
and support.

The signal acquisition system consists of several components.
Within the experimental chamber, a pressure sensor (HM90) with
an accuracy of +0.25%FS continuously monitors the pressure (P). A
voltage sensor is employed to real-time detect the battery voltage.
For temperature monitoring, eight K-type thermocouples
(WRNK191) with an accuracy of +2.5°C or +0.75% Tabs are
strategically placed to measure the temperature at various points
within the battery and the ambient environment. Specifically, one
thermocouple is positioned at the center of the battery’s large surface
surface (Ts), while another

to measure the temperature
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thermocouple measures the positive electrode column
temperature (Tp) and a separate one measures the negative
electrode column temperature (Ty). Additionally, a thermocouple
is positioned 4 cm directly above the battery safety valve to measure
the temperature of the jetting region (Tg). Three thermocouples are
placed at a distance of 40 cm from the battery, at three different
locations within the experimental chamber, to measure the ambient
temperature (Tx;, Taz and Tas). The average value of the data
collected from these three thermocouples provides the ambient
average temperature (T,). The sensors operate at a sampling
frequency of 10Hz. Furthermore, the lithium-ion battery’s
thermal runaway and jetting process were recorded using a high-
speed camera (model: ACS-3) from nac, Japan, at a frame rate of
5,000 frames per second.

The inert gas displacement system operates as follows: Nitrogen
gas (N,) is introduced into the experimental chamber through an
intake pipeline, while the chamber’s gas is expelled through an
exhaust pipeline. A vacuum pump is employed to facilitate the
replacement of gases within the chamber. For a comprehensive
depiction of the experimental setup, including the detailed
configuration (excluding the positions of Ty and Tp), please refer
to Figure 1 and the corresponding references (Zhang et al., 2019a;

Yang et al., 2022).

2.3 Experimental procedure

Prior to the commencement of experiments, the battery testing
system (NEWARE CT-4008, 5V/6A) was employed to charge the
battery under a constant current-constant voltage (CC-CV) mode at
1/3 C rate until reaching 4.25 V. Subsequently, a resting period of 3 h
was observed before discharging the battery at a constant current
(CC) of 1/3 C rate until reaching 2.75 V. Another resting period of
3 h was then implemented. The same discharge and charge testing
procedure was repeated three times. Following this, the battery was
charged to 100% state of charge (SOC) using the CCCV mode.
Subsequently, a 24-h resting period was allocated for the battery, and
its weight was measured to account for any internal heating effects
between charging and discharging cycles. Mechanical constraints
were applied to the front and rear walls of the battery casing using
mica mechanical fixtures. This was done to ensure consistent and
controlled conditions during the subsequent experiments.

Experimental Setup: The battery was positioned within the AEC
center, and thermocouples were strategically placed and inserted
into the heating plates. Simultaneously, the fixture’s preloading force
was adjusted accordingly. The experimental fixture structure
followed a sequence of metal fixture - thermal insulation pad -
heating plate - battery cell - thermal insulation pad-metal fixture,
with a thermal insulation pad placed at the bottom of the battery, as
illustrated in Figure 1.

Instrumentation Inspection: The heating plate circuitry was
examined to ensure proper functionality. The temperature and
pressure acquisition systems were also inspected for accurate
operation. The AEC chamber door was securely closed, and the
vacuuming process was repeated three times, achieving a pressure of
15 kPa, followed by nitrogen injection to reach a residual pressure of
106 kPa, ensuring an oxygen content below 1% within the test
environment (confirmed through sampling tests). A 5-min
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FIGURE 1

(A) Structure diagram of the sealed chamber; (B) Experimental chamber before thermal runaway; (C) Experimental chamber after thermal runaway.

stabilization period was observed after each vacuuming and nitrogen
injection cycle to allow the temperature and pressure inside the AEC
chamber to reach a stable state.

Thermal Runaway Triggering: The heating device was activated,
maintaining a heating rate of 2 °C/min for the heating plate. The
occurrence of thermal runaway was determined by the point at
which the battery voltage dropped to zero (considered as the onset of
thermal runaway in this study). Once thermal runaway was initiated,
the heating process was halted, and the moment of thermal runaway
was captured using a high-speed camera.

After the completion of the experiment, the remaining portion
of the battery (solely the core) was photographed and weighed.
Subsequently, it was securely sealed in a sample bag for preservation.
Additionally, the ejected materials (including powders, particles,
aluminum foils, electrode sheets, etc.) dispersed from the battery
were collected and weighed.

3 Results and discussion
3.1 Thermal runaway eruption phenomenon
During thermal runaway (TR), a substantial amount of combustible

substances and gases are generated within the battery. The internal
chemical reactions of the battery lead to a gradual increase in
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temperature and pressure. As the excessive internal pressure
accumulates, surpassing the structural stress of the safety valve and
the external pressure, valve rupture occurs. Subsequently, a significant
quantity of gases and combustible materials is ejected from the battery,
resulting in fires and explosions (Fu et al., 2018; Fang et al,, 2021).

According to the literature (Wang et al., 2019), The ejection
of lithium-ion batteries exhibits four distinct phenomena: (a)
smoke emission, (b) spark ejection, (c) flame ejection, and (d)
transition from stable combustion to extinguishment. These
four phenomena of battery ejection are illustrated in Figure 2
of this study. High-speed cameras were employed to capture
photographs and videos of the thermal runaway ejection process
of lithium-ion batteries. The total recording time for each
experiment using the high-speed cameras was 2.745s,
resulting in a total of 27,449 captured images.

Since the jet flow is ejected vertically upward from the safety
release valve, the velocity in the jet region above the battery safety
release valve can to some extent reflect the velocity of the jet flow.
The photographs captured by the high-speed camera enable the
calculation of the ejection velocity of the smoke at the instant when
the safety valve opens, as shown in Figure 2A (average velocity
within a range of 0.15 m directly above the safety valve), which is
approximately 140 m/s. The velocity of the flame ejection in
Figure 2C (average velocity within a range of 0.15m directly

above the safety valve) is estimated to be around 55 m/s. These
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FIGURE 2

TR phenomenon (A) smoke emission, (B) spark ejection, (C) jet flame, (D) transition from stable combustion to extinguishment.
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FIGURE 3
Varieties in Tg, Ts, Tp, Tn, Ta and Battery Voltage vs. time.

findings indicate that the ejection velocity of the ejected material is
significantly higher during the opening of the safety valve compared
to subsequent ejections, providing valuable guidance for fire hazard
warnings.

3.2 Temperature and voltage variations

The experimental results presented in Figure 3 illustrate the
temporal variations of temperature and voltage. In this study, the
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point at which the voltage drops to zero is considered as the
reference point (t = 0) for analysis.

Taking the first experiment as an example, the temperature in
the jet region above the battery safety release valve can to some
extent represent the temperature of the jet. As depicted by the curves
in Figure 3, with the progression of time, the temperature Ty, at the
vicinity of the battery safety release valve initially exhibits a steady
upward trend under the influence of the heater (approximately
3.5 °C/min). However, at —8.8s, the temperature at the safety valve
outlet sharply increases, reaching a maximum value of 679.2°C
at —-3.1s. The maximum surface temperature of the battery is
observed to be 618.1°C at 99.7s. From -6.8s to 25.5s, Ty > Tg,
indicating that the internal temperature of the battery exceeds the
melting point temperature of aluminum (660 °C) during thermal
runaway. Therefore, the maximum temperature at the safety valve
outlet, reaching 679.2°C, signifies that the internal temperature of
the battery during thermal runaway exceeds the melting point
temperature of aluminum. The disparity in these characteristic
temperatures, as indicated in references (Fu et al, 2018; Mao
et al, 2020), could be influenced by factors such as ambient
pressure, ambient temperature, heating method, battery quantity,
and battery type.

Figure 4 presents photographs depicting the battery before and
after thermal runaway, clearly showing the melting of aluminum on
the battery surface. The measured maximum temperature Ty, values
consistently exceed 660°C (the melting point temperature of
aluminum). In contrast, Figure 3 illustrates that the maximum
temperature TS remains below 660 °C. This disparity highlights
that the surface temperature of the battery alone cannot fully
evaluate the thermal load imposed on the battery pack; the
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FIGURE 4
Battery photos (A) before thermal runaway (B) after thermal
runaway.

temperature of the jet expelled by the battery should also be taken
into consideration.

3.3 Pressure change rate

The general pattern of pressure increase inside the
experimental chamber is presented in literature (Koch et al.,
2018). Over time, the chamber pressure initially exhibits a slow
and steady rise, attributed to the increase in temperature.
Subsequently, there is a rapid surge in chamber pressure,
followed by a sharp decline, eventually reaching a nearly
constant value. The rate of pressure increase caused by
battery venting is closely related to the volume of the
experimental chamber. Therefore, it is necessary to normalize
the pressure increase rate, which can be achieved through the use
of the explosion index (Kg), as expressed in Eq. 1 (Zhang et al,,
2020).

K, = (dP/dt) nu V" (1

(dP/dt) ax represents the maximum rate of change of pressure
with respect to time during the explosion process within the
volume V.

This equation is derived based on an idealized treatment of gas
explosions, assuming that the explosion index (Kg) is independent of
the laboratory volume. It has found wide application in measuring
the severity of gas or dust explosions and has been incorporated into
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standards by the International Organization for Standardization
(ISO) and the British Standards Institution (BSI) (Fang et al., 2021).

The temperature TE above the battery safety release valve, being
perpendicular to the jet flow, can serve as an indicator of the original
temperature of the expelled materials. The thermal runaway jet
primarily occurs within an extremely short time range after the
opening of the safety valve. Figure 5 depicts the variations in
pressure (P) and Tg upon the opening of the safety valve. From
Figure 5, the following maximum T values can be obtained: T ax
(first) = 669.9°C, Tk max (second) = 679.2°C, and Tg max (third) =
733.3°C.

To obtain a standardized pressure rise rate curve for LIB
(Lithium-Ton Battery) venting, this study adopts the concept of
LIB venting index (Ky;3) proposed in reference (Wang et al.,
2022). Formula (2) is utilized to calculate K 13, resulting in time-
varying curves and pressure profiles presented in Figure 6. In the
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TABLE 2 Timing of the eruption.

Dy (s) Ds (s) D (s) De (s)
1st 4.3 9.2 18.0 31.5
2nd 6.6 14.6 23.7 449
3rd 34 10.8 25.1 39.3

calculation process, the maximum value of Kyp is determined
using Equation 3.

KLIB = (dP/dt)V1/3 (2)

Here, dP/dt represents the rate of increase in chamber pressure
over time during the LIB eruption process, while V refers to the
volume of the sealed chamber.

KB, max = (dP/ dt) max V"’ (3)

where Kj g may refers to the maximum value of K; 5 and (dP/dt)max
refers to the maximum rate of rise of pressure in the chamber.

In order to quantitatively analyze the ejection process of
lithium-ion batteries, this study adopts the following defined
time points (Yang et al., 2022): the initiation time of ejection (t)
is defined as the time corresponding to the rapid rise of Ky ;5. The
termination time of ultra-high-speed ejection (t,) is defined as
the time corresponding to the peak value of K. The
termination time of fast ejection (t;) is defined as the time
The
termination time of slow ejection (t;) is defined as the time

when Kp;p transitions from positive to negative.
when K p returns to the initial fluctuating state before ejection.
Based on the data presented in Figure 6, this study considers the
points where Ky g is greater than 1 as valid data points.
According to the aforementioned definitions, the ejection
process of LIB can be categorized into three stages: the ultra-
high-speed ejection stage, the fast ejection stage, and the slow
ejection stage (Wang et al., 2022). A summary of the various
typical time points has been compiled and presented in Table 2.

1) The duration of the ultra-high-speed venting stage (D,,) is the
time interval from venting initiation (t.) to the end of ultra-high-
speed venting (t,).

2) The duration of the fast venting stage (Dy) is the time interval
from the end of ultra-high-speed venting (t,) to the end of fast
venting (tg).

3) The duration of the slow venting stage (D) is the time interval
from the end of fast venting (t;) to the end of slow venting (t).

4) The total venting duration (D,) is the time interval from venting
initiation (t.) to the end of slow venting (t,).

TABLE 3 Presents the results of the thermal runaway analysis.

10.3389/fenrg.2023.1230429

3.4 Mass loss rate and gas production

In general, for fire studies, the combustion rate of lithium-ion
batteries is primarily influenced by the heat release rate from the TR
reactions within the battery and the mass ejection rate into the
environment. The combustion process is highly complex, as even
slight variations in oxygen mass concentration and combustion
reaction rate can result in different combustion rates,
subsequently affecting the mass loss rate and gas generation
(Ding et al., 2022).

Due to the instability of temperature and pressure within the
experimental chamber, precise measurement of gas volume can
only be achieved under stable conditions. In this study, the gas
generation was stable

conditions. During the thermal runaway process, once the gas

calculated under environmental
pressure reaches the release pressure of the safety valve, it opens
and releases the internal gases, electrolytes, and active materials,
resulting in battery mass loss. The residual mass of the battery
was weighed in this study, and the mass loss rate was calculated
using Equation 4 (Yang et al., 2022), while the gas generation was
determined using Equations 5, 6. The mass loss rate and steady-
state gas production are presented in Table 3.

m
K = — x 100% (4)
T
Within this context, K represents the mass loss rate, 11, denotes
the initial mass of the battery, m, represents the remaining mass of
the battery after TR.

PV =nRT (5)
P,V,

= - 6

"ZRr, ©

In the context of the aforementioned variables, where n
represents gas production, P, denotes the real-time chamber
pressure after TR, V, represents the volume of the experimental
chamber, R represents the ideal gas constant, T, signifies the stable
post-venting chamber temperature, and ny represents the initial
chamber gas volume

The literature (Rappsilber et al., 2023) review encompassed
a total of 76 experimental research papers on thermal runaway
in lithium-ion batteries published between 2000 and 2021, two
papers shared the same cathode material and shape as the
batteries used in our study. The referenced papers reported a
normalized gas evolution rate of 30.09 mmol Wh™' (Essl et al.,
2020) and 28.16 mmol Wh™' (Huang et al., 2021), respectively.
Interestingly, our study yielded similar results with regards to
the normalized gas evolution rate, indicating that the
maximum capacity of the battery has minimal impact on
this parameter.

Mass loss rate (%) Normalized gas production (mmol - Wh™) Kiigmax (KPa - m -s7")
Ist 64.87 3224 53.8
2nd 60.01 25.03 63.1
3rd 68.80 28.50 75.3
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4 Conclusion

This study employed an in situ venting experiment method in an
inert environment to investigate the thermal runaway characteristics
of a 256Ah lithium-ion battery at 100% state of charge (SOC). The
following findings were obtained.

(1) During the thermal runaway event, a significant amount of smoke is
rapidly emitted, with the smoke ejection velocity upon the opening of
the safety valve estimated at approximately 140 m/s. The velocity of
the jet flame is approximately 55 m/s. The pressure curve indicates a
single intense ejection event from the battery. The peak values of the
temperature in the ejection zone and the velocity of the ejected
materials occur at the moment the safety valve opens, providing
valuable guidance for thermal hazard warnings.

(2

~

Within an extremely short time range upon the opening of the
safety valve, the temperature at the ejection zone (Tg) reaches its
maximum value (Tg max = 701.8°C + 42 °C), while the pressure
inside the experimental chamber rapidly increases (K max =
64.6 + 10.8 (kPa - m -s')). These findings highlight the
importance of considering both the surface temperature of
the battery and the thermal load resulting from the
temperature of the ejected materials.

—
W
~

The duration of the ultra-high-speed ejection phase was
measured to be 5.0 + 1.6 s, while the high-speed ejection
phase lasted for 11.9 + 2.7 s. The slow-speed ejection phase,
on the other hand, extended to 21.6 + 3.7s. Overall, the
complete ejection process spanned a duration of 36.2 + 4.7 s,
with ejection occurring within a 5-s time frame after a voltage
drop of 0. These findings provide valuable insights for the
quantitative analysis of the primary jetting process in high-
capacity lithium-ion batteries.

The conclusions drawn from this study provide guidance for
thermal hazard warning systems, encompassing factors such as
battery surface temperature, safety valve nozzle temperature,
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