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� Thermal runaway characteristics of type 
21700 cylindrical cells are investigated. 
� Characteristics of spark and jet fire 

during thermal runaway are analysed in 
detail. 
� The effect of SOC on the battery fire 

behaviour is presented. 
� Heat release rates of type 21700 battery 

fires are estimated using mean flame 
heights.  
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A B S T R A C T   

Understanding the potential thermal hazards of lithium-ion batteries (LIBs) during thermal runaway (TR) is 
helpful to assess the safety of LIB during storage, transport and use. This paper presents a comprehensive analysis 
of the thermal runaway (TR) characteristics of type 21700 cylindrical LIBs with a specific energy of 266 W∙h/kg. 
The batteries with both 30% state of charge (SOC) and 100% SOC were triggered to TR by uniform heating using 
a flexible heater in a laboratory environment. Three high definition cameras and one high-speed camera were 
placed to capture TR behavior and flame evolution from different viewpoints. Correlation between the heat 
release rate (HRR) and the mean flame height of turbulent jet diffusion flame were used to estimate the HRRs of 
LIBs. Additional characteristics of cell failure (for cells with 100% and 30% SOC) were also noted for comparison, 
including: number of objects ejected from the cell; sparks and subsequent jet fires. An approach has been 
developed to estimate the HRRs from TR triggered fires and results compared with previous HRR measurements 
for type 18650 cylindrical cells with a similar cathode composition.   

1. Introduction 

The characterisation of lithium-ion battery (LIB) fires is becoming of 
increasing importance, not least to the rise in number of electric vehicles 

(EVs) being introduced over recent years. The vast majority of LIB fires 
can be traced back to LIB thermal runaway (TR) triggered by mechan
ical, electrical and/or thermal abuse [1–3], and incorporate complex 
chemical and physical processes, from decomposition of the electrode 
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materials and the burning of some of them, to the ejection of sparks and 
flammable gases as well as their combustion. During LIB thermal abuse 
tests, the thermal response of LIBs can be divided into three stages: a 
preheating stage, an exothermic stage, and a cooling stage. The transi
tion process from LIB ignition to extinguishment occurs during the 
exothermic stage. Typical phenomena reported during LIB fires 
including sparks and jet fires were observed during TR in previous 
studies [4–17]. Sparks projected from LIBs were found to be capable of 
igniting vent gases generated within the LIB during TR [8]. Two jet fires 
were reported during single-cell LIB tests [4,6,13], with multiple jet fire 
events being observed in both single-cell LIB and LIB module tests [9,12, 
18]. The maximum cell surface temperature and heat release rate (HRR) 
for different battery classifications and chemistries are summarized in 
Table 1. Maximum cell surface temperatures for fully charged, cylin
drical, type 18650 LIBs have been reported in the range 311 to 876 �C. 
Measured flame temperatures as high as 1069 �C for single cells [8] and 
1500 �C for a battery module [9] have been reported. In addition, there 
is evidence that observed mass loss rates decrease dramatically during 
evolution of the flame [4,6,8,9,12]. 

The HRR is an important parameter in evaluating the thermal haz
ards presented by LIB fires. The extent and duration of HRR influences 
TR propagation to neighbouring cells within a pack [14–16,19]. As 
shown in Table 1, the reported peak HRR for fully charged, cylindrical 
LIBs ranged between 1.1 kW and 11.8 kW. The distribution of the HRRs 
was found to only be weakly related to the nominal capacity of the LIBs 
under test. All HRRs reported in the literature [4–17,20] were calculated 
based on the oxygen consumption method [11], which is prone to both 
overestimation (due to the formation of carbon monoxide and soot 
particles [11,21]) and underestimation (due to oxygen release from the 
decomposition of the cathode materials [4,5]). Although these two ef
fects offset each other to some extent, more accurate evaluation of the 
HRR of LIB fires using this method should quantitatively account for 
both them. Previous experimental work reported that, for a common LIB 
type, a higher state of charge (SOC) would lead to higher peak HRR [4,5, 
9]. In addition, the chosen heating method [13] and incident heat flux 
[8,17] were found to have an influence on the observed HRR. 

The effective range of EVs is being continuously improved through 
development of LIB technology providing higher energy densities. An 
example is type 21700 cylindrical cells (21 mm in diameter and 70 mm 
in height), which are adopted by Tesla Model 3 EVs due to their higher 
energy density and lower battery system cost than type 18650 cells [22]. 
Most previous studies of such commercial cylindrical LIBs have focused 
on the TR behaviour and HRRs of type 18650 cells. Although several 

studies have been conducted to investigate the TR behaviour of LIBs, 
detailed analysis of type 21700 cell fire characteristics during TR is still 
lacking. Obtaining such insight can aid the development of mitigation 
measures and fire protection design of battery modules to enhance fire 
safety. 

In this study, spark characteristics, the evolution from sparks to jet 
fire as well as the transition process of the jet fire produced by type 
21700 cells during TR will be analysed. The effects of SOC on fire 
behaviour will also be investigated. Based on recorded transient mean 
flame heights of turbulent jet diffusion flame during type 21700 cell 
fires, HRRs of type 21700 battery fires have been estimated. 

2. Experiments 

The battery testing facility consists of three main sections: a venti
lated burning chamber, a connected antechamber and a separate control 
room. All tests were performed within the burning chamber. Local 
exhaust ventilation (LEV) was switched on after cell ignition. The 
antechamber contains the data acquisition equipment and power sup
plies. The control room, from which staff can initiate and monitor the 
tests, is approximately 15 m away. Measurements were conducted for 
commercial type 21700 LIBs with lithium nickel manganese cobalt oxide 
(NMC) cathode. The nominal capacity and voltage of the cell type is 5 Ah 
and 3.63 V with the lower and upper voltage limits being 2.5 V and 4.2 
V, respectively. The mass of the cell type is 68.3 � 1.0 g with a specific 
energy as high as 266 W∙h/kg. As shown in Fig. 1, the cell (with its 
plastic wrap removed) was secured by a clamp in the vertical position. It 
was heated to failure by an adhesive, 2” x 2” heating strip with resis
tance of 17.9 Ω (KHLVA-202/10-P, Omega). A heater voltage of 20 V 
was applied to the cell until failure was observed at which point the 
applied voltage was turned off. The voltage of the cell and temperature 
on the cell surface were measured by both a battery analyser (BST8-5A- 
CST, MTI) and a type K thermocouple respectively. The positioning of 
the heater and the thermocouple are shown in Fig. 1a. Data measured 
during tests were recorded by a data logger (GL840, Graphtec). Three 
high definition (HD) cameras (HD-SDI CCTV, NiteDevil) recording at 25 
frames per second and one high-speed camera (Phantom Miro LC320s, 
AMETEK) recording at 1000 frames per second were used to capture 
footage of gaseous ejections during TR and the flame characteristics 
from different aspects. A schematic diagram showing camera positions is 
shown in Fig. 1b. One HD camera was positioned directly above the cell. 
The other HD cameras and the high-speed camera were each positioned 
at a stand-off distance of 1.5 m from the cell. The high-speed camera and 

Table 1 
Summary of experimental results in previous studies.  

Classification Cathode/anode materials Nominal capacity 
(Ah) 

Maximum temperature on cell 
surface (�C) 

Peak heat release rate 
(kW) 

Ref. 

Cylindrical 18650 (18 mm in diameter and 65 mm 
in height) 

Li(NixMnyCoz)O2/carbon 2.25 454 � 13 1.1 [7] 
Li(NixMnyCoz)O2/graphite 3.2 703 1.3 [10] 
Li(NixMnyCoz)O2/graphite 2.0 539 � 23 3.75 � 0.86 [14] 
Li(Ni0.8Co0.15Al0.05)O2/ 
graphite 

3.2 876 11.8 � 0.05 [8] 

LiCoO2/graphite 2.6 756 � 56 4.1/3/3.3 [4] 
LiCoO2/graphite 2.6 797 6.8 [5] 
LiCoO2/carbon 2.6 428 � 20 1.5 [7] 

LiFePO4/graphite 1.3 621 � 29 6.8/8.3/7 [4] 
LiFePO4/carbon 1.5 311 � 2 1.3 [7] 

Pouch LiMn2O4/graphite 2.9 Not given 21 [11] 

Prismatic Li(NixMnyCoz)O2/graphite 50 665.4 37.08 [13] 

Li(NixMnyCoz)O2/Li4Ti5O12 50 405 40 [6] 

LiFePO4/graphite 50 580 64.32 [12] 

Module LiFePO4/graphite 50 645 49.4 [9]  
(five cells in parallel)    
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one HD camera were set-up directly facing the cell, with the other 
recording a side-on view. 

3. Results and discussion 

Three tests with 100% SOC and three tests with 30% SOC under the 
same heating conditions were performed. As shown in Table 2, the first 
sharp rise in temperature for 100% SOC cells exhibited a rate of tem
perature rise greater than 15 �C/s; with their time of occurrence during 
the three tests at 927.4 s, 1038.8 s, and 1066.0 s, respectively. The 
duration of combustion was found to be greater than 10 s for 100% SOC 
cells, with the shortest time difference between the onset of temperature 
rise and ignition being 3.3 s, which is very short for any intervention to 
reduce cell temperature to prevent TR. The time to ignition of the 30% 
SOC cells was longer than for 100% SOC cells, with the combustion 
event also being shorter in duration. Cells with 100% SOC gives rise to a 
far more consistent temperature at the first sharp rise in temperature 
when compared to 30% SOC cells. An average of temperature at the first 
sharp rise in temperature of Tests 1–6 is 202.0 �C, which is probably a 
critical point at which a large amount of heat is generated by internal 
short circuit due to the separator melting. 

3.1. Overall characteristics 

Images from Test 1 are shown in Fig. 2 as a representative example of 
evolution from ignition to extinguishment for a 100% SOC cell. The 
initial stages of ignition are characterised by the ejecting of white smoke 
and gases. This was followed by production of sparks, a firework type 
effect, fireball, jet fire and extinguishment. On functioning of the cell 
pressure relief mechanism, white smoke and gases are released from the 
cell (Fig. 2a and b) and this is believed to consist mostly of carbon 

dioxide (CO2) and electrolyte vapours [2,11,23–25]. At this point the 
concentration of any flammable vent gases is considered to be out with 
the flammability limits of the gas mixture, as no ignition by sparks has 
occurred. Venting continues in this manner until an initial burst of 
sparks is observed (Fig. 2c), which became increasingly bright. Spark 
production develops to produce a firework type effect which is clearly 
captured by the HD cameras. A fireball (Fig. 2d) was formed after the top 
cover of the cell was forced off by the ejecting sparks and gases. Sub
sequently, a jet fire occurred (Fig. 2e) until all combustible gases were 
consumed and the fire extinguished (Fig. 2f). Some soot was observed 
but there was no obvious swelling of the cell casing during TR. The 
production of white smoke and sparks has also been observed in 
large-scale LIB testing [13]. The behaviour of the sparks and the jet 
flame in Test 1 are now considered. 

3.2. Sparks 

Sparks are the first observed evidence of burning and occur before 
the cell fully catches fire. The sparks are small, incandescent particles of 
red, yellow, and silver/bright white colouration, being projected from 
the cell under high pressure generated by thermal decomposition events 
occurring within the cell. Initially, one relatively dull, red coloured 
spark was ejected from the cell. This was followed after a few millisec
onds by a cluster of sparks, also red in colour bursting through a vent in 
the top cover of the cell. A further two clusters of sparks were observed 
to exit through the other two vents on the top cover as shown in Fig. S1 
supplementary information. The colours of the sparks are determined, 
not only by their temperature (e.g. ‘red hot’ to ‘white hot’) but also by 
chemical composition. By cross-referencing the observed spark colours 
to those produced by specific elements (commonly used to produce 
firework colours [26]), it can be inferred that the observed sparks with 
red colouration are probably derived from lithium salts, including 
lithium carbonate (Li2CO3) produced by the decomposition and reaction 
of solid electrolyte interphase (SEI) material, ethylene carbonate 
(EC)-based electrolytes and the carbon-based anode [27] present within 
the cell. Silver/bright white sparks may be attributable to aluminium 
present in the aluminium current collector. No blue colouration was 
observed during the early stage of TR, it is inferred that no degradation 
of the copper current collector was taking place. From this it can be 
reasoned that the temperature inside the decomposing cell was between 
the melting point of aluminium (660.32 �C) and the melting point of 
copper (1084.62 �C) during this period [11]. The ejected sparks weak
ened gradually during the jet fire stage until they were no longer 
observable. The duration of the spark stage was less than 1.52 s. 

Fig. 1. (a) The test apparatus and (b) a schematic diagram of camera positions.  

Table 2 
Summary of the experimental results.  

SOC Test 
sample 

Time to 
ignition 
(s) 

Duration of 
combustion 
(s) 

Temperature at 
the first sharp 
rise in 
temperature 
(�C) 

Maximum 
temperature 
on cell surface 
(�C) 

100% 1 933.0 ~15.2 187.6 583.5  
2 1048.5 ~16.3 191.9 646.9  
3 1069.3 ~11.1 189.7 707.3 

30% 4 1398.3 ~13.0 204.8 675.2  
5 1943.7 ~15.7 189.5 727.7  
6 2757.5 ~8.2 248.7 719.3  
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Fig. 3 shows the evolution of the sparks from a small number of jet 
spark events being projected in multiple directions into a larger cluster 
of vertically projected jet sparks. Although visually similar to a jet flame 
event, it was identified that during this stage of combustion, brilliant 
incandescence was caused by a dense concentration of sparks and not a 
true flame. It is assumed that these sparks are produced by combustion 
of the cathode material. The jet spark stage of the combustion event 
lasted 1.07 s. The next stage of combustion was development of jet 
sparks to a true jet flame, a transition that was captured by high-speed 
camera (Fig. 4). Large pieces of the carbon-based anode material 
alongside small pieces of copper current collector were observed to be 
ejected from the cell during the transition. After this transition process, 
there were few in number ejected from the cell. Several pieces of carbon- 
based anode material and copper foil ejected from the cell were 
observed falling to the ground and are shown in Fig. S2 (supplementary 
material). It is thought that jet sparks might have acted as ignition 
sources for the emitted gases, although it is also likely that some gases 
were already burning before being ejected from the cell. In summary, jet 
sparks were dominant at early stage and then a combination of the jet 
flame with jet sparks ejected from the cell, and finally the jet flame was 
dominating. 

3.3. Jet fire 

The early stages of observed jet fire development are illustrated in 

Fig. 5. In general jet flames can be characterised based on their fire 
Froude number, which is less than 3 for buoyancy-controlled jet flame, 
and is greater than 5 for momentum-controlled jet flame, with any value 
in the range 3–5 indicating a transition between buoyancy and mo
mentum [28]. In the case of the observed jet flame observed (Fig. 5), 
characterisation by fire Froude number is not possible as there are un
known parameters such as internal pressure during the event. However, 
general observations during the jet flame stage of combustion can be 
made. The flame spread almost monotonically upwards accompanied by 
sparks and pieces of the copper current collector. Items ejected from the 
test cell also have an influence on the flame shape, generally promoting 
its vertical spread. The flame colour and brightness were also found to 
change during this process. Fig. 6 illustrates the evolution of a torch-like 
jet fire, which is buoyancy-dominated in the upper part of the flame with 
some residual ejecting momentum in the lower parts. The buoyancy 
effect gradually becomes more dominant with the diminishing of mo
mentum and the flame is observed to spread out in a radial direction 
with pulsing. It should be noted that the combustion of tape from the 
heater contributed to the fire during the latter stage of TR but the current 
tests could not separate these two. The phenomenon of flame lift-off has 
been reported for large-format LFP cells with 100% SOC [18], but was 
not observed during this study. 

In order to further analyse the flame characteristics, the transient 
flame heights were evaluated by image processing using MATLAB®. The 
original images were extracted from the HD cameras and a threshold 

Fig. 2. Evolution from ignition to extinguishment of the cell with 100% SOC captured by the HD camera: (a) white smoke and gases, (b) sparks, (c) firework, (d) 
fireball, (e) jet fire, and (f) extinguishment. 

Fig. 3. Evolution of the cluster of jet sparks captured by the high-speed camera.  
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value of 0.9 set to obtain the corresponding binary images. It was not 
possible to use original images taken directly from the high-speed 
camera as in some frames flame heights exceeded the frame di
mensions. The error between measured height and height calculated 
following image processing was found to be within 10% by directly 
comparing the flame heights recorded on the original image with those 
rendered on the corresponding binary image. Fig. 7a shows the obtained 
transient flame heights, which were observed to fluctuate due to a 

combination of variations in ejection velocity, gas composition, avail
able fuels and flame pulsating. A general downward trend in flame 
height is observed until the flame is extinguished. The maximum 
calculated flame heights were 318.5 � 31.9 mm, 318.0 � 31.8 mm and 
333.3 � 33.3 mm, respectively for the three tests. Start time (t ¼ 0) in 
Fig. 7a is taken as the onset of ignition and flame heights were estimated 
after the formation of visible jet fire. During the latter stages of com
bustion there was some contribution from burning of the heater tape 

Fig. 4. Evolution from sparks to jet fire captured by the high-speed camera.  

Fig. 5. Early stages of jet fire development.  

Fig. 6. Evolution of the torch-like jet fire captured by the high-speed camera.  
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meaning the flame continued to burn, even after all the gaseous products 
had been ejected from the cell and consumed. 

3.4. Effect of state of charge 

Three tests with 30% SOC cells were conducted with the same 
heating condition as used for 100% SOC cells. During these tests, large 
quantities of smoke and gas were observed to vent from the cell prior to 
ignition. The sequence of events from point of ignition to extinguish
ment of 30% SOC cells are shown in Fig. 8. No violent jet fires were 
observed, which was significantly different from the tests for 100% SOC 
cells. As shown in Fig. 8a (Test 4), sparks were initially ejected from the 
cell, but the cell was not ignited. The cell used in Test 4 became bright 
red with an accompanying increase in temperature. After 5.92 s, the cell, 

heater and heater tape ignited simultaneously and proceeded to burn 
until the fire extinguished. As shown in Fig. 8b–d (Tests 5 and 6), no 
sparks were observed prior to cell ignition. The cell, heater and heater 
tape in Tests 5 and 6 were ignited almost simultaneously. During the 
early stages of the jet fire, projection of flame in three directions was 
observed due to the top cover of the cell having three vents. The top 
cover of the cell was not blown away by the ejected gases, indicating a 
much less dynamic combustion process for 30% SOC cells when 
compared to the 100% SOC counterparts. As mentioned earlier, it is 
difficult to distinguish the relative contribution from the burning of the 
heater, heater tape and the cell to the overall energy generation. The 
duration of cell combustion was estimated by looking at flame shapes 
recorded over the duration of each test, with durations of 13.0 s, 15.7 s, 
and 8.2 s assigned for Tests 4, 5, and 6, respectively. For cells with 30% 
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Fig. 7. (a) Flame height vs. time and (b) heat release rate vs. time for 100% SOC LIBs.  
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SOC, the ejected flame was much weaker than that from the 100% SOC 
cells. The flame heights were not used to estimate heat release rate. 

The fire behaviour of the 30% SOC cells was found to be less severe 
than their 100% SOC counterparts. An absence of jet fire had previously 
been reported for type 18650 LIBs with 50% SOC [14]. Since the ejected 
gas compositions have not been determined for type 21700 NMC cells, 
the fire behaviour at different SOCs can only be inferred from data ob
tained from other battery chemistries. On the one hand, as the SOC 
increased, the generated gas volume increased for LIBs with LiCoO2 
(LCO), LiFePO4 (LFP) and Li(Ni0.8Co0.15Al0.05)O2 (NCA) cathodes [23, 
29–31] and the number of gas compositions also increased [32]. Such 
results indicate that chemical reactions occurring inside the cell become 

more violent for higher SOC. On the other hand, the amount of CO2 
within the ejected gas streams has been shown to decrease with 
increasing SOC [24] indicating that vent gas mixtures produced by 
higher SOC cells have a wider flammability range [23,24,31] and are 
more easily ignited. Using the findings of this current study, it can be 
inferred that the amount of CO2 generated at 30% SOC is greater than 
that generated at 100% SOC. That the ejected gases were not ignited can 
be attributed to the concentration of the gas mixture falling below its 
lower flammability limit. The short duration of cell combustion 
observed in Tests 4–6 (Fig. 8) being related to the presence of smaller 
quantities of flammable gas mixture being present within its flamma
bility limits. 

Fig. 8. Evolution from ignition to extinguishment of the cell with 30% SOC captured by the HD camera.  
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4. Prediction of heat release rate 

Heskestad [33] has proposed the following relationships between the 
heat release rate of flame ( _Q) and the mean flame height for vertical 
turbulent jet flames (Lf). 

Lf

LB
¼

(
1:2 RM < 0:1
0:405R� 1=2

M RM � 0:1
(1)  

where LB is the purely buoyancy-controlled flame height and RM is a 
ratio of gas release momentum to the momentum generated by a purely 
buoyant diffusion flame. They can be calculated as follows: 

LB
�

D ¼ � 1:02þ 15:6N1=5 (2)  

RM ¼ 1:36
��

T∞

Tf

��
cPΔTf

ðHc=rÞ

�4=5��ρ∞=ρs

r2

�

N2=5 (3)  

where N is a non-dimensional parameter and ρs is the density of the 
ejected gases in the discharge stream written by: 

N¼

"
cPT∞

gρ2
∞ðHc=rÞ3

#
_Q2

D5 (4)  

ρs¼

�

1þ
κ � 1

2
M2
�� 1

κ� 1 Ps

P∞

T∞

Ts
ρs∞ (5)  

where T∞ is the ambient temperature, ρ∞ the ambient density, ρs∞ the 
density of ejected gases at ambient temperature and pressure, CP the 
specific heat of air at constant pressure, Tf the plume centreline tem
perature at mean flame height, ΔTf the temperature difference between 
Tf and T∞, Hc the actual lower heat of combustion of the mixed gases, r 
the actual mass stoichiometric ratio of air to the mixed combustible 
gases, Ps the internal pressure of the cell, Ts the internal temperature of 
the cell, g the standard acceleration due to gravity, and D the diameter of 
venting. The Mach number can be calculated from the following equa
tion [34]. 

M¼

8
>>><

>>>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
κ � 1

��
Ps

P∞

�κ� 1
κ

� 1
�

s

;
P∞

Ps
>

�
2

κ þ 1

� κ
κ� 1

; subsonic ​ flow

1;
P∞

Ps
�

�
2

κ þ 1

� κ
κ� 1

; choked ​ flow

(6) 

In order to compute the heat release rate, the composition of the 
ejected gases needs to be known. Baird et al. [24] have recently 
reviewed the ejected gas composition during TR in LIB cells. The gases 
mainly consist of hydrogen, carbon monoxide, hydrocarbons, and car
bon dioxide. To the authors’ knowledge, there are only two references 
that have measured the vent gas composition of cylindrical NMC cells. 
One was conducted by Golubkov et al. [35] for single type 18650 NMC 
cell during TR with the other conducted by Said et al. [19] for type 
18650 NMC cell arrays during TR propagation. Due to the limited in
formation available on the venting gases of NMC cells during the TR, the 
composition of the total collected ejected gases were estimated from the 
tests of Golubkov et al. [35] for a single cell with a similar cathode type, 
and were expressed as molar fractions:30.8% for H2; 41.2% for CO2; 
13.0% for CO; 6.8% for CH4 and 8.2% for C2H4. The estimated specific 
heat ratio of the gas mixture (κ) is 1.38 (CO2 is excluded as it does not 
participate in combustion), which is calculated by κ ¼ 1 þ 1/Σ(xi/(κi-1)), 
where xi and κi are the mole fraction and the specific heat ratio of each 
gas of gas mixture. The internal pressures within the cell were observed 
to change over time during TR. Values were as high as 16 bar [36] and 
12.5 bar [37] have been reported prior to venting for type 18650 LIBs, 
with pressures decreasing dramatically after breaking of the vent cap. It 
dropped to 5.3 bar when the temperature on cell surface reached 300 �C 
[37]. The burst pressures of MTI (Material Technology International 

Corporation) and LG type 18650 LIBs have been reported, with mean 
values of 2.158 MPa and 1.906 MPa, and peak values of 2.364 MPa and 
1.961 MPa respectively [38]. 

In our own studies, no convenient means of measuring internal 
pressure in cylindrical LIBs during TR has been found so far. Given this 
limited information on the internal pressure, we have chosen to assume 
the internal pressure is greater than atmospheric pressure but not 
greater than 2.364 MPa. The parameters used in order to estimate the 
HRR are listed in Table 3. 

The calculated maximum of RM is 0.04, which is less than 0.1 for an 
HRR which is around four times peak measured value of 18650 NMC 
cells in Table 1. The RM is still less than 0.1 when the Hc changes with 
30%. It indicates that the mean flame height of turbulent jet flames of 
the cell is proportional to the purely buoyancy-controlled flame height 
even if mole fraction of ejected mixed gas or gas composition change 
slightly. A time averaged flame height is adopted here to represent the 
mean flame height with 50% flame intermittency since the internal 
pressure has been changing. In this study, the average flame height of 
every five frames is used to replace the mean flame height. This pro
cessing method will slightly exaggerate the mean flame height due to the 
limit of frame numbers. 

Fig. 7b presents the estimated HRR with time for 100% SOC cells. 
The estimated peak HRRs for tests 1, 2 and 3 are 2.88 � 0.68 kW, 3.08 �
0.73 kW, and 2.95 � 0.69 kW, respectively. These estimates are larger 
than the previously reported peak HRRs of 1.1 kW [7] and 1.3 kW [10], 
but less than the value of 3.75 � 0.86 kW [14] for 18650 LIBs with a 
similar cathode. The HRR depends on many parameters as shown in the 
above equations. The ejected gas composition and internal pressure 
during TR are vital to accurately calculate HRRs. In addition, note that 
the correlations of Heskestad [33] were developed and validated for jet 
fires with fuel gas being initially at typical environment temperature. 
The elevated temperature of the released gases inside the cell was 
considered during the computation for the density of the released gas 
mixtures. The validity of the correlations will be further investigated 
when more parameters such as measured HRRs and ejected gas 
composition are available. 

5. Conclusions 

The high specific energy type 21700 LIBs with different SOCs under 
uniform electrical heating were conducted. The whole process from 
venting to TR, and the resulting fire were recorded by HD and high- 
speed cameras. The characteristics of spark and jet fire events during 
the combustion of cells were analysed. The transient flame heights were 
calculated by image processing. The effects of SOC on fire behaviour 
were presented and explained with flammability limit analysis and vent 
gas components of type 18650 LIBs. Published correlations between 
HRR and the mean flame height of turbulent jet diffusion flames were 
extended to estimate the HRRs in the cell fire. HRR predictions were 
compared with the reported values for similar LIB cells. The main 

Table 3 
Parameters used for calculating the HRR.  

Parameter Value Unit Source 

Cp 1000 J/kg/K  
D 0.01 m Measured 
g 9.81 m/s2  

HC 6.25Eþ07 J/kg Calculated 
Ps (1.01Eþ05, 23.64Eþ05] Pa Estimated 
P∞ 1.01Eþ05 Pa  
r 10.8  Calculated 
Ts 1023 K Estimated 
T∞ 293 K Estimated 
ΔTf 500 K [33] 
κ 1.38  Calculated 
ρs∞ 0.524 kg/m3 Calculated 
ρ∞ 1.20 kg/m3   
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conclusions are as follows:  

(1) Many pieces of carbon-based anode material and copper foil were 
ejected from the cell with 100% SOC during the transition from 
jet sparks to fire.  

(2) The fire behaviour of the cell with 30% SOC was less severe than 
that with 100% SOC for type 21700 LIBs. The reasons for more 
severe fire behaviour for cells with higher SOC are thought to be 
due to an increase in the number and rate of chemical reactions 
taking place inside the cell during TR, resulting in more 
combustible gases being ejected, and this ejected gas mixture 
having a wider flammability limit range. 

(3) No direct measurements for the ejected gas composition or in
ternal pressure during TR of type 21700 NMC cells with high 
energy density were made. The total collected gases were adop
ted to estimate the lower heat of combustion of the mixed 
combustible gases. The varying internal pressure possibly 
covering the pressure generated by chemical reactions inside the 
cell were used to calculate the ratio of ejected gas release mo
mentum to the momentum generated by a purely buoyant 
diffusion flame. The estimated HRRs were in line with that re
ported for 18650 LIBs with similar cathode, illustrating the 
feasibility of calculating the HRRs by the flame heights of LIB fire 
using the correlations proposed by Heskestad [33]. 

The present approach can be used as an alternative means to estimate 
the HRRs in addition to the commonly used oxygen consumption 
method which also has its limitations. The correlations will be further 
modified when the measured HRRs, the ejected gas composition and the 
internal pressure are available. 
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