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Abstract: This study experimentally investigates the effects of different heating powers and areas on
the jet behavior and thermal runaway (TR) of 75 Ah LiNi0.8Co0.1Mn0.1O2 pouch lithium-ion batteries
(LIBs) in an open environment. TR, a critical safety concern for LIBs, can occur under overheating
conditions. The TR behavior of LIBs was characterized by flame behavior, temperature characteristics,
mass variation, jet dynamics, and residue formations. The results reveal that the heating power
density primarily influences the time to initiate TR. Lower power densities extend the heating time
and require higher energy to induce TR, thereby exerting a more considerable impact on the battery.
The heating area predominantly affects the input energy and the extent of damage. Larger areas lead
to more stable jet flames, consistent peak temperatures ranging between 1000 ◦C and 1300 ◦C, and
mass loss ratios ranging from 44% to 53% compared to 43% to 47% for small-area heaters. These
findings provide references for the safety design of battery assemblies and the prevention of TR
propagation, contributing to the safer monitoring of LIBs.

Keywords: lithium-ion battery safety; thermal runaway; heating power

1. Introduction

Lithium-ion batteries are extensively utilized in electric vehicles due to their high en-
ergy density, long cycle life, and low self-discharge rates [1–4]. However, under conditions
of mechanical abuse [5–8], electrical abuse [9,10], and thermal abuse [11,12], the internal
active materials of lithium-ion batteries may decompose or react with each other, ultimately
leading to thermal runaway [13–16]. Therefore, understanding the mechanisms and prin-
ciples of thermal runaway in lithium-ion batteries is crucial for developing strategies to
enhance their safety under overheating conditions [17–20]. Feng et al. [21] identified and
analyzed three characteristic temperatures during the thermal runaway process through
extensive experimental data, summarizing and proposing temperature indicators for as-
sessing the safety of lithium-ion batteries. Zheng et al. [22] investigated the exothermic
reaction mechanism between lithiated graphite and electrolytes through DSC and evolved
gas analysis, finding that the main sources of heat production are the decomposition of the
SEI film, reactions between lithiated graphite and the electrolyte, and reactions between
lithiated graphite and the binder.

From a macroscopic perspective, the primary mechanism of thermal abuse involves
disrupting the balance between heat absorption and dissipation in batteries through ex-
ternal heating. Focusing on the heating variables, the main considerations are the power
density of heating and the location of heating. Huang et al. [23] investigated the effects
of heating power and state of charge (SOC) on the thermal runaway of batteries, trigger-
ing thermal runaway in a 94 Ah LiNi1/3Co1/3Mn1/3O2 prismatic battery with different
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heating power densities. Compared to the SOC, the impact of heating density was more
significant; higher heating power densities led to shorter times required to trigger thermal
runaway, less heat absorbed by the battery, and slower internal heat propagation. Zhou
et al. [24] studied the impact of thermal runaway characteristics on lithium iron phosphate
batteries under different heating powers using copper slug battery calorimetry, finding
that the maximum temperature and internal heat generation of the battery did not increase
monotonically with heating power, but peaked at 100 W. Zhou et al. [25] researched the
effect of heating trigger locations on the thermal runaway of 27 Ah prismatic lithium-ion
batteries, discovering that the thermal conductivity rates on the side and bottom surfaces
were faster, leading to more intense thermal runaway phenomena. Jin et al. [26] explored
the combined effects of heating power and heating area on triggering thermal runaway
and studied the mechanism of heat-transfer-induced thermal runaway through modeling,
finding that at the same heating power, higher heating power densities and smaller heating
areas resulted in shorter times to trigger TR. Within the testing standard (GB/T 38031) [27],
side heating is widely used in triggering the TR of the battery.

During the thermal runaway process of lithium-ion batteries, the internal reactions
generate increasing amounts of gas, and in the case of prismatic batteries, multiple eruptions
typically occur during thermal runaway. Wang et al. [28] induced thermal runaway in a
50 Ah NCM622 prismatic battery through lateral heating, finding a negative correlation
between the flame ejection temperature and the height position of the flame, while the state
of charge of the battery affected the maximum temperature of the battery jet, manifesting
at the safety valve’s location. To observe the characteristics of the battery thermal runaway
eruption process, Zou et al. [29] conducted a side-heating-triggered thermal runaway
experiment on a 38 Ah ternary lithium-ion prismatic battery, recording and analyzing
the jet behavior in terms of speed and temperature. Despite the existing studies on the
impact of heating power on thermal runaway (TR) characteristics and the jet behavior of
prismatic batteries under side-heating conditions, there is still a lack of analysis on the
effects of heating power density and heating area on the TR and jetting behavior of large-
format pouch lithium-ion batteries (LIBs). Furthermore, there is insufficient research on the
comprehensive relationship between heating time, input energy, heating power, and heating
area for triggering TR. In real-world situations, the heating power and heating area acting
on a battery during an overheating event can be highly variable and random. Additionally,
during TR propagation, the heating power exerted on adjacent cells through thermal
conduction and flame radiation from a pouch cell undergoing TR is often very high and
diverse. Enhancing the understanding of the relationship between heating power, heating
area, and TR induced by overheating can aid battery and module developers in designing
effective strategies against TR initiation and propagation. The jet temperature of the battery
is one of the key fundamental parameters in the design of battery thermal management
systems (BTMSs) for automotive applications. Moreover, the current understanding of
localized heating and the resulting jetting behavior in large-format pouch batteries is
limited and requires further exploration. This study also aims to deepen the understanding
of jetting behavior in large-format pouch LIBs, providing references for the safe design and
hazard prevention of LIBs.

In this work, the effects of different heating areas and power densities of heaters on
the thermal runaway characteristics of 75 Ah Li(Ni0.8Co0.1Mn0.1)O2 pouch lithium-ion
batteries are systematically investigated through experiments. Under various heating con-
ditions, the behavior of battery flames, the characteristics of battery surface temperatures,
jetting features, mass changes, and the morphology of battery residues are analyzed. The
experimental results demonstrated that reducing the heating area while increasing the
power density during lateral heating experiments can decrease the energy input and time
required to induce thermal runaway in batteries.



Batteries 2024, 10, 241 3 of 13

2. Experimental
2.1. Battery Information

A commercial rectangular pouch lithium-ion battery was investigated in this paper.
The specific details of the battery are summarized in Table 1. The cathode material is NCM
(Ni:Co: Mn = 8:1:1), and the anode material is graphite. The nominal capacity and voltage
of the battery are 75 Ah and 3.68 V, respectively, with dimensions of 542 × 101 × 8.21 mm.
The battery weighs 1070 g and has an energy density of 267 Wh/kg. A Neware battery
cycler was employed to discharge the battery to 2.8 V at a constant current of 1/3C (25A),
followed by a 1 h rest, then charged to 4.2 V (SOC = 100%) using constant current (1/3C)
and constant voltage (4.2 V, 1/20C cut-off current). At this point, the state-of-charge of each
battery was charged to 100% SOC before the tests, and the LIB was maintained for 24 h to
ensure its stability.

Table 1. Some specific information of the tested LIB.

Parameters Specification

Cathode active material Lithium nickel manganese cobalt
(LiNi0.8Co0.1Mn0.1O2)

Anode active material Graphite
Nominal capacity (Ah) 75

Nominal voltage (V) 3.68
Maximum cut-off voltage (V) 4.2
Minimum cut-off voltage (V) 2.8

Geometry (mm) 542 × 101 × 8.21
Mass (g) 1070

Energy density (Wh/kg) 267

2.2. Experimental Settings

To monitor the temperature changes on the battery surface during TR, seven K-type
thermocouples with a diameter of 1 mm were placed on the surface, labeled TC1 to TC7,
as illustrated in Figure 1. The thermocouple TC4, located at the center of the heating area,
was used to capture the temperature rise curve on the battery surface during the heating
process. This enabled the determination of the start and end moments of heating, as well
as the surface temperature immediately before TR. TC2 and TC6, positioned at the center
of the heating side and the back center of the battery, respectively, were used to measure
the time interval between the front and back surfaces during TR, thereby calculating the
propagation speed in the thickness direction of the battery. TC1, TC3, TC5, and TC7
were arranged at the battery tab locations. By comparing the temperature rise curves at
the center and tab locations, the lateral propagation speed on the same surface could be
estimated. Additionally, the battery’s voltage drop was recorded and analyzed to examine
the relationship between the voltage decline and the temperature rise over time.

After the placement of surface thermocouples on the battery, a heater was positioned
at the center area of the pouch battery’s sealing edge, as shown in Figure 2a. Due to
the heater’s relatively small area compared to the battery surface, a thermal insulating
layer was wrapped around the heater to ensure an even distribution of force across the
battery. This assembly was then clamped between two mica boards, with the external side
held by a steel fixture comprising two stainless steel boards and eight bolts tightened in
diagonal sequence, applying a torque of 5 N·m. Figure 2b shows the physical setup of
the battery and fixture. For TR experiments, thermocouples were placed directly above
the heating area to measure the temperature distribution of the ejecting flames at various
heights from the battery surface, with temperature measurement points set every 10 cm,
totaling ten thermocouples. A camera was positioned 3 m away from the likely area of TR
to record the process, as shown in Figure 2c, while a thermal imager observed the ambient
temperature distribution during the TR event. Figure 2d shows the physical picture of the
experimental setup.
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Figure 1. Schematic illustration of the thermocouple arrangement. (a) Schematic of thermocouple
layout with a small heater. (b) Schematic of thermocouple layout with a large heater. (c) Physical
depiction of thermocouple arrangement with a small heater. (d) Physical depiction of thermocouple
arrangement with a large heater.
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Figure 2. Experimental setup. (a) Schematic figure of battery and fixture setup. (b) Physical picture
of battery and fixture setup. (c) Structural diagram of experimental setup. (d) Physical picture of
experimental setup.

In this study, the heater sizes of 6 × 6 cm2 and 21 × 6 cm2 were employed, with three
heating power densities of 8.33, 5, and 2.38 W/cm2 for each heater size, to characterize the
combined effects of heating power and heating area. The test configurations and conditions
are detailed in Table 2.



Batteries 2024, 10, 241 5 of 13

Table 2. Summary of total tests.

Experiment No. SOC Heating Area [cm2] Heating Power Density [W/cm2]

1 100% 6 × 6 8.33
2 100% 6 × 6 5
3 100% 6 × 6 2.38
4 100% 21 × 6 8.33
5 100% 21 × 6 5
6 100% 21 × 6 2.38

3. Results and Discussion
3.1. Phenomenon Observations

Figure 3 depicts the typical fire behaviors of lithium-ion batteries under TR condi-
tions with various heating setups, while Figure 4 shows thermal imaging of the battery
and its surroundings during TR. When a small heating area (6 × 6 cm2) and a heating
power density of 2.38 W/cm2 were used, the battery did not undergo TR, thus no battery
venting occurred. In the remaining experiments, the stages leading to battery TR were
similar and can be divided into four distinct phases: (I) battery casing breach and directed
jetting, (II) intense ejection around the battery, (III) fierce combustion, and (IV) gradual
flame extinguishment.

Batteries 2024, 10, x FOR PEER REVIEW 6 of 14 
 

density, indicating that larger heating areas resulted in longer directional jetting phases at 
the same power density. The height of the flame jetting could reach 1.5 m. In the second 
phase, as the TR area spread, the battery’s surface aluminum–plastic film gradually 
burned away, and other weak areas of the battery, such as the tabs, began to eject electro-
lytes and flames, accompanied by roaring sounds and the ejection of particles, possibly 
containing graphite and other metal compounds. The third phase was marked by intense 
combustion, typically lasting about 10 s, followed by the final phase where the flames 
gradually diminished and extinguished. 

 
Figure 3. Fire behavior of LIBs under different heating methods. (a) Experiment No. 1, (b) Experi-
ment No. 2, (c) Experiment No. 4, (d) Experiment No. 5, and (e) Experiment No. 6. 
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The first phase involved the battery’s heating face breaching in the heated area, ejecting
an electrolyte, which ignited and formed a small flame. This phase was characterized by
directional jetting due to the internal pressure being released through the breach, which
intensified as the electrolyte was rapidly ejected, enlarging the damaged area. In Tests
1 and 4, the directional jetting phase lasted about 1 s for small heating areas at a power
density of 8.33 W/cm2, extending to 3 s for large heating areas at the same power density,
indicating that larger heating areas resulted in longer directional jetting phases at the same
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power density. The height of the flame jetting could reach 1.5 m. In the second phase, as
the TR area spread, the battery’s surface aluminum–plastic film gradually burned away,
and other weak areas of the battery, such as the tabs, began to eject electrolytes and flames,
accompanied by roaring sounds and the ejection of particles, possibly containing graphite
and other metal compounds. The third phase was marked by intense combustion, typically
lasting about 10 s, followed by the final phase where the flames gradually diminished
and extinguished.
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3.2. Temperature Response and Energy Input

Temperature is identified as a critical parameter in characterizing the TR process and
heat generation [30,31]. Tonset is the triggering temperature of the battery’s TR, which is
defined as a critical point where a rapid temperature rise begins. The threshold for the
rate of temperature rise was taken as 1 ◦C/s. The onset temperatures (Tonset) for TR at
various heating conditions and locations on the battery’s heated surface were in the range
of 231–373 ◦C for the center of the heating area (Tonset,4), in the range of 22–32 ◦C near the
tabs (Tonset,3), and in the range of 37–85 ◦C on the opposite back surface (Tonset,5).

In this section, ∆t and ν are introduced to assess the severity of TR, where ∆t1 is defined
as the time interval between the onset temperatures Tonset4 and Tonset3 on the battery’s
heated surface. ∆t2 is defined as the time interval between the heated surface’s onset
temperature Tonset3 and the back surface’s onset temperature Tonset5. The TR propagation
speed (ν) can be calculated using Equation (1), where L(1) represents the distance between
TC2 and TC3, and L(2) corresponds to the battery’s thickness. ν(1) and ν(2) are, respectively,
defined as the surface spread rate and thickness spread rate.

V(i) =
L(i)

∆t(i)
, i ∈ {1, 2} (1)

As illustrated in Table 3, using a small heating pad with a heating power density
of 8.33 W/cm2 to initiate TR in a battery, the transition from the start of heating to the
onset of TR took approximately 1 min. The heat spread from the central heating area to
the back surface near the battery tabs in about 8.2 s, with a surface propagation speed
of approximately 57.96 mm/s. In contrast, the propagation speed through the battery’s
thickness was 2.16 mm/s, indicating faster heat spread on the side with the heater compared
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to the direction of battery thickness. The internal heat propagation speed ranged between
1.80 and 3.91 mm/s, suggesting slower internal heat transfer, possibly due to the insulating
properties of the battery’s internal materials or structural barriers to heat flow. Significant
fluctuations in thermocouple readings between the heater and battery were observed due
to the TR jet.

Table 3. Summary of measured critical parameters for batteries during TR.

Experiment No. Heater
Heating Time (s)

Heater Input
Energy (kJ)

Surface Spread Rate
(mm/s)

Thickness Spread Rate
(mm/s)

1 50.8 15.2 57.96 2.16
2 180.3 32.5 52.04 1.87
4 51.8 54.4 47.22 2.57
5 108.6 68.4 70.83 3.91
6 358.1 107.4 47.22 2.22

When using a small heating pad with a power density of 5 W/cm2, the interval from
the onset of heating to the initiation of TR in the battery extended to 180.3 s, tripling
the heating duration compared to a power density of 8.33 W/cm2, and increasing the
energy introduced to 32.5 kJ. The heat spread from the central heating area to the back
surface near the battery tabs in approximately 9.3 s, with a surface spread speed of about
52.04 mm/s and a thickness spread speed that increased to 1.87 mm/s. Similar to the
previous experiment, the heating power density primarily affected the time required to
trigger TR in the battery. For a large heating area (21 × 6 cm2) with the same power density
of 8.33 W/cm2, the TR initiation time was 51.8 s, with an energy input of 54.4 kJ. The battery
exhibited a surface spread speed of 47.22 mm/s and a thickness spread speed of 2.57 mm/s.
The increase in the heating area did not significantly reduce the time to trigger TR but led
to a higher energy input, resulting in more intense TR behavior. This suggests that while
the size of the heating area had a minimal effect on the rate of the internal spread of TR
within a single cell, larger heating areas contributed to higher energy inputs and more
severe TR manifestations. When using a heating power density of 2.38 W/cm2 with a small
heating area (6 × 6 cm2), TR did not occur in the battery. As observed from Figure 5, the
rate of temperature increase on the battery surface began to decrease 358.8 s into heating.
The repetition of the experiment under the same conditions resulted in no TR, suggesting
that the lower heating power of the pad allowed for an equilibrium to form between the
heated and unheated regions of the battery and the surrounding air. In contrast, with larger
heaters, this thermal equilibrium was disrupted, leading to TR initiation. With the large
heater set to the minimum power density of 2.38 W/cm2, the time to trigger TR significantly
increased to 358.1 s, introducing the highest energy input to the battery, reaching 107.4 kJ.

Averaging the peak surface temperature values (Tave-max) from multiple experiments
of TR induced by heaters of the same heating area, as shown in Figure 6, revealed that
the highest temperatures were measured by the TC4 thermocouple at the contact surface
between the heater and the LIBs in small heating areas, with an average of 1201.4 ◦C. This
phenomenon was primarily due to the intense reaction and jetting occurring in the battery
area near the thermocouple after heater activation. On the battery surface, the distribution
of peak temperature values appeared random; however, thermocouples located around
the heating area registered higher temperatures, whereas temperatures near the battery
end, near the positive and negative terminals, were comparatively lower. For lithium-ion
batteries in large heating areas during TR, the temperature characteristics were similar to
those in small heating areas but with differences. The highest temperatures still occurred
near the TC4 thermocouple in the heating area, averaging 1018.45 ◦C. This indicates that
temperatures in the battery’s direct heating zone were significantly higher than in other
areas. Following closely was the center of the battery’s large surface area, where the heater
was placed, with temperatures at the battery ends, near the thermocouples, being similar.



Batteries 2024, 10, 241 8 of 13

Batteries 2024, 10, x FOR PEER REVIEW 8 of 14 
 

The increase in the heating area did not significantly reduce the time to trigger TR but led 
to a higher energy input, resulting in more intense TR behavior. This suggests that while 
the size of the heating area had a minimal effect on the rate of the internal spread of TR 
within a single cell, larger heating areas contributed to higher energy inputs and more 
severe TR manifestations. When using a heating power density of 2.38 W/cm2 with a small 
heating area (6 × 6 cm2), TR did not occur in the battery. As observed from Figure 5, the 
rate of temperature increase on the battery surface began to decrease 358.8 s into heating. 
The repetition of the experiment under the same conditions resulted in no TR, suggesting 
that the lower heating power of the pad allowed for an equilibrium to form between the 
heated and unheated regions of the battery and the surrounding air. In contrast, with 
larger heaters, this thermal equilibrium was disrupted, leading to TR initiation. With the 
large heater set to the minimum power density of 2.38 W/cm2, the time to trigger TR sig-
nificantly increased to 358.1 s, introducing the highest energy input to the battery, reach-
ing 107.4 kJ. 

 
Figure 5. The surface temperature and voltage for LIBs in OS tests. (a) Experiment No. 1, (b) Exper-
iment No. 2, (c) Experiment No. 3, (d) Experiment No. 4, (e) Experiment No. 5, and (f) Experiment 
No. 6. 

Averaging the peak surface temperature values (Tave-max) from multiple experiments 
of TR induced by heaters of the same heating area, as shown in Figure 6, revealed that the 
highest temperatures were measured by the TC4 thermocouple at the contact surface be-
tween the heater and the LIBs in small heating areas, with an average of 1201.4 °C. This 
phenomenon was primarily due to the intense reaction and jetting occurring in the battery 
area near the thermocouple after heater activation. On the battery surface, the distribution 
of peak temperature values appeared random; however, thermocouples located around 
the heating area registered higher temperatures, whereas temperatures near the battery 
end, near the positive and negative terminals, were comparatively lower. For lithium-ion 
batteries in large heating areas during TR, the temperature characteristics were similar to 
those in small heating areas but with differences. The highest temperatures still occurred 
near the TC4 thermocouple in the heating area, averaging 1018.45 °C. This indicates that 
temperatures in the battery’s direct heating zone were significantly higher than in other 
areas. Following closely was the center of the battery’s large surface area, where the heater 
was placed, with temperatures at the battery ends, near the thermocouples, being similar. 

Figure 5. The surface temperature and voltage for LIBs in OS tests. (a) Experiment No. 1, (b) Experi-
ment No. 2, (c) Experiment No. 3, (d) Experiment No. 4, (e) Experiment No. 5, and (f) Experiment
No. 6.

Batteries 2024, 10, x FOR PEER REVIEW 9 of 14 
 

 
Figure 6. Average of the peak surface temperatures of the battery in each experiment under a heater 
with the same heating area. 

3.3. Jet Temperature 
From the thermal imaging and jet temperature distribution graphs, it is observed that 

during the initial phase of TR, the battery exhibited a phase of directional jetting with 
relatively uniform flames. However, as TR progressed, the surrounding aluminum–plas-
tic film of the battery became damaged, leading to more disordered flame ejection. As 
shown in Figure 7, with a heating area of 6 × 6 cm2, the temperature rise due to TR occurred 
in approximately 5 s, with a stable jetting duration of about 1–2 s. The peak temperatures 
at measurement points above the battery generally ranged between 1000 and 1350 °C. 
Temperatures at points within 50 cm above the battery’s vent were similar, with the peak 
temperatures beginning to decline as the distance from the battery increased, noticeably 
beyond 50 cm. For a larger heating area of 21 × 6 cm2, the stable jetting duration extended 
to around 5 s. Larger heating areas resulted in longer peak durations, and the temperature 
distribution pattern resembled that of smaller heaters, with maximum values within 30 
cm above the ejection point showing little difference, generally ranging from 1000 to 1300 
°C. The decline in peak temperatures measured by thermocouples became apparent be-
yond 40 cm from the battery. 

 
Figure 7. TR jet temperature curves of the battery. (a) Experiment No. 1, (b) Experiment No. 2, (c) 
Experiment No. 4, (d) Experiment No. 5, (e) Experiment No. 6, and (f) average jet temperature at 
each measurement point in each experiment under heaters with the same heating area. 

  

Figure 6. Average of the peak surface temperatures of the battery in each experiment under a heater
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3.3. Jet Temperature

From the thermal imaging and jet temperature distribution graphs, it is observed that
during the initial phase of TR, the battery exhibited a phase of directional jetting with
relatively uniform flames. However, as TR progressed, the surrounding aluminum–plastic
film of the battery became damaged, leading to more disordered flame ejection. As shown
in Figure 7, with a heating area of 6 × 6 cm2, the temperature rise due to TR occurred in
approximately 5 s, with a stable jetting duration of about 1–2 s. The peak temperatures
at measurement points above the battery generally ranged between 1000 and 1350 ◦C.
Temperatures at points within 50 cm above the battery’s vent were similar, with the peak
temperatures beginning to decline as the distance from the battery increased, noticeably
beyond 50 cm. For a larger heating area of 21 × 6 cm2, the stable jetting duration extended
to around 5 s. Larger heating areas resulted in longer peak durations, and the temperature
distribution pattern resembled that of smaller heaters, with maximum values within 30 cm
above the ejection point showing little difference, generally ranging from 1000 to 1300 ◦C.
The decline in peak temperatures measured by thermocouples became apparent beyond
40 cm from the battery.
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3.4. Mass Loss and Combustion Residues
3.4.1. Mass Loss and Mass Loss Ratio

In addition to summarizing battery temperature characteristics and jet temperatures,
this study also compiled data on mass loss and mass loss ratios for all tests, as indicated
in Figure 8. For batteries undergoing TR triggered by a small heater at a power density
of 8.33 W/cm2, the mass loss ratio was 43.5%, and at 5 W/cm2, it was 45.9%, with mass
loss ratios ranging between 43% and 46%. Increasing the heater’s power density led to
a reduction in battery mass loss, with the period for voltage drop across different power
densities remaining consistent at 9–10 s, indicating the minimal impact of heating power
on the duration of voltage decline. Jetting duration during TR also stayed around 10 s,
allowing for an estimated average mass flow rate of 45–52 g/s during the battery ejection
phases. For large heating areas, the pattern of mass loss during TR was similar to that with
small heaters, but the larger heater’s higher energy input resulted in more intense jetting
and increased mass loss, ranging between 45% and 52%. Notably, the same power density
of 2.38 W/cm2 in a small heating area did not trigger TR.
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3.4.2. Analysis of Battery Combustion Residues

The morphology of the residues from pouch batteries with a heating area of 6 × 6 cm2

after TR, as shown in Figure 9, indicates that heating power did not significantly affect the
damage patterns of the battery. The damage was primarily localized to the area directly
affected by the heater, where clear traces of gas flow channels on the battery surface could
be observed. The structure of the battery’s non-heated areas remained relatively intact.
When the heating area was 21 × 6 cm2, TR caused more severe damage, with a broader
damaged area compared to the smaller heating area. Damage in the larger heating area was
not only more extensive but also deeper, with more evident formation of gas flow channels,
suggesting that the energy release and internal pressure increase from TR had a more
intense impact on the battery structure in larger heating areas. The condition of the residues
showed significant swelling and rupture of the aluminum–plastic film in the heated areas,
indicating rapid increases in internal pressure and a swift release of high-temperature gases.
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Figure 9. Comparison of LIB morphology after TR. (a) Combustion residues from Experiment No. 1,
(b) combustion residues from Experiment No. 2, (c) combustion residues from Experiment No. 4,
(d) combustion residues from Experiment No. 5, and (e) combustion residues from Experiment No. 6.

After local TR occurs within a single LIB, the generated heat is transferred to the
unreacted areas through thermal conduction via metal current collectors and active ma-
terials, as well as through convective heat transfer by the movement of internal gases.
This leads to the propagation of TR within the cell [32]. As demonstrated in Figure 10,
two distinct regions can be observed during the TR process of a pouch cell: the TR area,
marked in red, indicating where the exothermic reactions have completed, resulting in
elevated temperatures, and the normal area, depicted in blue, where TR has not occurred,
and the temperatures remain near ambient conditions. There exists a transition boundary
between the TR area and the normal area known as the thermal runaway front (TRF). As
TR progresses from the affected area into the normal area, the TRF advances, converting
the normal area into a TR area.

When the heating power density remains constant, a larger heating area due to its
more extensive influence and higher input energy leads to increased heat accumulation
and dispersion across a broader region. This widespread heating causes a greater portion
of the battery to reach the critical threshold for thermal runaway simultaneously, thereby
initiating thermal runaway reactions over a larger area and resulting in more extensive
damage. Notably, even with the same heating power density of 2.38 W/cm2, the smaller
heating area failed to trigger TR within the battery. This observation underscores the impact
of the heating area on the onset and propagation of TR, revealing that a larger heating
area can significantly escalate the spread and severity of thermal events compared to a
smaller area.
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Figure 10. Comparative illustration of the thermal runaway front (TRF) during thermal runaway
(TR) in a LIB with different heater sizes. (a) TRF development with a small heating area and (b) TRF
development with a large heating area.

4. Conclusions

This experimental study on a 75 Ah LiNi0.8Co0.1Mn0.1O2 pouch LIB in open space
involved the systematic documentation and analysis of flame behavior, temperature charac-
teristics, mass variation, jet behavior, and combustion residues. Employing heaters of two
different sizes with three varying heating power densities, the study explored their effects
on the TR characteristics and jet behavior of the pouch LIBs. The findings revealed that
localized heating led to internal gas accumulation and rupture at the battery’s weaker sec-
tions. As the heating power increased, the time to trigger thermal runaway (TR) decreased,
and the energy introduced by the heater was reduced. At a power density of 8.33 W/cm2,
the time to initiate TR differed by 1 s between small and large heating areas, with the small
area introducing 72.06% less energy than the large area. Therefore, to minimize the energy
input and time required for heating-induced TR, experiments with lateral heating could
reduce the heater’s area while increasing the power density.

The combustion process can be summarized by four stages: battery rupture and
directed jetting in the heating area, intense ejection around the battery, severe combustion,
and gradual flame extinguishment. Temperature measurements near the heating area were
generally higher, while those near the battery’s terminals were lower. The surface spread
speed of TR was in the range of 48–71 mm/s, and the thickness direction speed was in
the range of 1.8–4.0 mm/s. These insights into the combustion stages and temperature
distribution are crucial for developing advanced thermal management systems that can
better control and prevent TR. The increase in heating power led to reduced mass loss,
with TR in small heating areas causing mass loss ratios in the range of 43% to 46%, and in
large areas, the range was 45% to 52%. Jet temperatures within 40 cm above the venting
point were in the range of 950–1350 ◦C. With increasing distance from the vent, the peak
temperatures recorded at measurement points gradually decreased, showcasing the rapid
decay of jet temperatures with distance.

The experimental results offer data for designing protective measures against thermal
propagation and help to identify the TR mechanism of LIBs induced by side heating.
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