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ARTICLE INFO ABSTRACT

Keywords: An effective and suitable fire-extinguishing agent used for lithium ion batteries (LIBs) fire currently exists a huge
Lithium i.°n battery challenge. In this work, extinguishment mechanisms of a micelle encapsulator F-500 were proposed through a
r,;gg mist serious of tests. To clearly understand LIB driven into thermal runaway (TR), gases released from the battery

were collected and analyzed. Then, a series of absorption tests were conducted to explore the encapsulator
technology of the solution with 3 % F-500. Finally, a series of combustion tests and suppression tests were carried
out to verify its suppression effectiveness on LIBs fire. The result indicated that the battery released a great deal
of hydrogen and hydrocarbons, which are highly combustible. Hy and CO account for the largest proportion of
these flammable components, which are considered as characteristic gases. Battery module with higher SOC
increased difficulty of suppression of TR propagation. The rebounding temperature became higher with increase
of SOC when fire-extinguishing agents were applied. 3 % F-500 solution could suppress LIBs fire by combination
of absorbing these characteristic gases and excellent cooling capacity. The cooling mechanism of water mist
(WM) mainly relied on heat steam. These results are expected to provide a guideline for cooling the LIBs system.

Energy safety
Extinguishment mechanism

1. Introduction

Compared with other conventional battery, such as lead-acid bat-
tery, advanced lead-acid battery, nickel-cadmi battery, zinc bromide
flow battery and vanadium redox flow battery, LIBs possess exceptional
power density, no memory effect, fast charging ability and long lifespan
[1,2]. Nowadays, LIBs have been widely utilized in electronic field,
including hybrid electric vehicles (HEVs) or fully electric vehicles (EVs),
energy storage system (ESS), aerospace and mobile phone. However,
LIBs often goes into TR under condition of abuse, such as acupuncture
[3,4], seawater immersion [5], external heating [6-8], overcharge
[9,10], which might further triggers fire or even explosion accident. The
safety issue of LIB has become the main obstacle to its large-scale
application. To improve battery safety, adequate researches have been
performed by developing the safer materials such as fire-retardant
electrolytes [11-14] and fire-retardant separator [15-18], safer de-
vices such as safety vents [19], external security device such as battery
management system (BMS) [20], positive temperature coefficient (PTC)
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[21,22], current interrupt device [19,23], and phase change material
[24-27]. Nevertheless, the number of LIBs EV fire accident is not obvi-
ously reduced in China due to increase in number of vehicles, as shown
in Fig. 1. As the increase in the energy density of battery pack, the fire
prevention and control strategies of LIBs will encounter bigger chal-
lenge. Combustion could occur in the presence of combustible materials,
oxygen, and heat sources. Battery possesses many combustible materials
including anode material, organic electrolyte and aluminum shell. Ox-
ygen could be release by the decomposition of cathode material [28,29].
The heat can be generated external heat [6-8] and released from
exothermic reaction of electrolytes [30]. If only one of these conditions
was removed, the fire would not start. Corresponding extinguishment
mechanisms include isolation effect, smoothing effect and cooling effect.
Therefore, fire suppression technology, as a last defense line, is also
essential to improve the safety of battery system and reduce the fire
hazard [31].

The thermal runaway behavior of LIBs can be divided into the
following stages. The first is the rupture of the battery separator. The
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Fig. 1. Statistic of EV fire accidents in current ten years, in China.

separator is damaged due to external impact and battery aging, or the
formation of lithium dendrite due to overcharging and low temperature,
which pierces the separator [32,33]. The rupture of the diaphragm
caused a short circuit in the battery. Then this short-circuiting causes the
battery internal temperature to quickly climb up. As the temperature
increases, the components of solid electrolyte interphase (SEI) firstly
decompose at ~100 °C, causing the organic solvents inside the elec-
trolyte to occur reaction with the lithium metal or lithiated carboneous
anodes [34,35]. These exothermic reactions cause the battery temper-
ature to rise, and more and more gas is generated inside the battery until
it breaks through the safety valve [36]. The separator would melt at
around 130 °C, triggering further exothermal reactions between positive
electrode and negative electrode [37-39]. The ejection with sparks oc-
curs when enough oxygen and heat are accumulated. These sparks might
be the result of combustion of aluminum particles and electrode frag-
ments [40]. Subsequently, the thermal runaway occurs from a location
to the whole battery [41]. A jet fire subsequently happens above the
battery safety valve due to the spray of flammable gases and volatile
electrolytes [42]. Eventually, the battery undergoes a stable combustion
stage, then weakening to extinguishment.

As mentioned about understanding of the mechanism of LIBs thermal
runaway, the key characteristics of LIBs fire can be summarized as fol-
lows: 1) it takes merely several seconds for the temperature to rise up to
the maximum temperature of thermal runaway. And the maximum
temperature of a LIBs is very high. 2) LIBs fire will release a large
number of flammable, explosive and toxic gases, which is prone to
secondary accidents. 3) LIBs fire extinguishing not only needs to extin-
guish the open fire, but also needs rapid cooling effect.

To eliminate the fire hazards, the efficiency of various fire extin-
guishing agents has been conducted. Researchers explored the efficiency
of dry powder on suppressing LIBs fires [43-38]. Experimental results
showed that dry powder could put out LIBs fire, but it has little effect on
reducing the peak temperature of LIBs [43,44,48]. Re-ignition easily
happened after the release of dry powder was suspended because ABC
dry powder possesses a low specific heat capacity (~1.29 kJ/kge°C)
[45,47]. As a replacement of halons, carbon dioxide (CO3) has been used
in many fields owing to its insulation [49]. The extinguishment effi-
ciency of CO; is associated with a combination of the reduction of ox-
ygen and combustible vapor concentration and endothermic reaction
[50-52]. Some scholars explored the suppression of CO; for LIBs fire
[44,47,53-56]. The results indicated that CO, cannot put out the LIBs
fire [44,54,56] and re-ignition often happens [47,53,55] due to its low
thermal conductivity (0.016 W/m/K) and poor specific capacity (0.85
kJ/kge°C). A CO extinguisher releases a two-phase mixture meant to
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O,-starve the flame. C3F7H is also one of replacement of halons, which
suppress fire mainly rely on absorbing heat and diluting oxygen.
Compared with CO3, C3FyH possesses higher thermal conductivity
(0.069 W/m/K) and better specific capacity (0.94 kJ/kge°C). Previous
studies indicated that C3F7H could put out lithium titanate (LTO) battery
fire within several seconds [57]. However, the battery still re-burned
during the spraying of CsF7H [53,56]. In 2001, CgF120 was produced
by 3 M, which has been used in many field due to its nearly zero ozone
depletion potential, global warming potential (GWP) of 1 and atmo-
spheric lifetime (ATL) of 0.014 [58]. The agent extinguishes the flame
though absorbing heat due to its high heat of vaporization at boiling
point (88 kJ/kg) [59]. One this basis, the clean agent has been used to
extinguish LIBs fire. For instance, Wang et al. found that Novec 1230
could extinguish LTO battery fire within 30 s, while the clean agent
needed continuous spraying to prevent re-ignition of battery [60,61].
Meanwhile, the agent showed an ideal fire prevent effect when battery
was immersed in Novec 1230 [62]. In addition, the dose and flow rate of
fire-extinguishing agents has a dramatic effect on extinguishing LIBs
fire. For example, experimental research conducted by Wang et al.
indicated that a low dose of Novec 1230 might increase the maximum
temperature of LIBs [61]. They suggested that the suitable does of Novec
1230 was 9.42 g/Wh for a 38 Ah Li(Ni; /3C01,3Mn; /3)O5 battery in given
condition. Continue spraying at an adequately high flow rate with this
agent is conductive to suppressing open flame of lithium cobalt oxide
(LCO) battery module but not completely prevent TR propagation [59].
In all, gaseous fire-extinguishing agents could put out open flame, but
could not rapidly cool the battery during TR, which cause the re-ignition
of battery.

Water possesses excellent cooling ability due to its specific capacity
(4.12 kJ/kge°C) and great latent heat of vaporization (~2266 kJ/kg/K).
Water spray technology refers to the technology that sprays the liquid
under a certain pressure to make the diameter of 99 % of the droplet
volume (dv0.99) <1000 pm [60]. Water spray technology is used in
many fire protection fields due to no toxic, low electric conduction and
less consumption. Recently, Wang and his team [64] provided a novel
strategy that combing Novec 1230 with water mist (WM, water ejected
using water spray technology) used for suppressing LIBs fire. The com-
bination method showed excellent effects of suppressing open fire and
cooling battery. The results showed that reduction in the maximum
temperature of battery was 117 °C when the combination was applied,
while the reductions were 75 and 19 °C when only water mist only or
Novec 1230 only was applied, respectively. Therefore, excellent cooling
ability is same important as rapid extinguishing open fire. Rao et al. [47]
compared the effectiveness of different fire-fighting agents (such as dry
powder, CO; and C3F7H) on LFP battery fire. Result indicated that CsF;H
was the most effective agent on extinguishing flame and cooling the
battery. WM mainly suppresses fire by oxygen dilution and high cooling
efficiency owing to its greater latent heat of vaporization (~2266 kJ/kg/
K) [53]. Compared with CO2, C3F7H and CgF120, WM exhibited more
excellent extinguishing effect and cooling effect for battery underwent
TR [53,65].

Currently, some researches have been conducted to try the applica-
tion of WM for cooling and inhibiting TR of battery. For example, Liu
et al. [66,67] explored the inhibition effect of WM on TR of single bat-
tery and the prevention effectiveness of TR propagation of battery
module. TR of individual battery cannot be inhibited when water mist
was sprayed after the threshold temperature of battery. The temperature
often was not less 20 °C below the TR onset temperature. Compared with
CO2 (3.38 g/Wh) and phase change material (38.4 g/Wh), the con-
sumption of WM (0.195 g/Wh) is the lightest in propagation prevention
of battery module [66]. The cooling capacity and extinguishment
effectiveness of water spray on LIB during TR are related to spray pa-
rameters such as spray pressure [67], spray duration [68,69], inter-
mittent spray cooling [70] and spray trigger temperature [69].
However, cooling efficiency of WM will encounter a big challenge in
some condition, such as LIB modules are connected with parallel method
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[71] and overcharge triggers TR of LIB [72]. Russoa et al. [44] found
that WM showed less effective on reducing battery temperature and
suppressing open fire than water and foam. This is because the amount
of water passed though battery flame is fairly limited when water is
applied by Water spray technology [1]. Therefore, Water spray tech-
nology, as an effective fire extinguishing agent injection method, has
been concerned by scholars.

To improve the effectiveness of water, in addition to the use of water
spray technology, water containing additives has been concerned on
extinguishing LIBs fire. These additives can divided into physical sur-
factant [64,73-79], inorganic salt electrolytes [74,75] and compound
additive [64,76,77,79-82]. The surfactant changes the physical char-
acterize of water such as reducing the surface tension of pure water,
which further decrease particle size and permeability of water. Inor-
ganic salt electrolytes suppress fire by quenching [H] and [OH] and
suffocation action [64]. Additionally, the previous results showed that
compound additives could extinguish LIB fire within 2 s and its corre-
sponding cooling rate is 0.755 °C/s, while single additive could suppress
the fire at least 4 s and corresponding cooling rate is 0.62 °C/s [83].
Some experimental results indicated inorganic salt electrolytes with WM
shows a more advantages in preventing the temperature rise of LIBs than
surfactant with WM [83]. Surprisingly, some experimental results
indicated that adding surfactant into water showed a less effective in
reducing the temperature rise and controlling TR propagation in
battery-module than WM [64,73]. Even so, compared with gaseous
extinguishing agents, water-based extinguishing agents have more ad-
vantages in cooling capacity and prevention re-ignition of battery
module [84]. Nowadays, F-500 additive is an effectiveness agent
regarding LIBs fire [79]. It is not always the best idea to extinguish a Li-
ion battery fire. If extinguished, the batteries will continue to release
unreacted gas that may form a reactive cloud with air. It is an important
argument for using micelle encapsulators. However, its extinguishment
mechanisms by water spray technology for LIBs fire have never been
reported.

In this paper, a series of experimental researches were conducted to
deeply investigate the extinguishment mechanisms of a micelle encap-
sulator F-500 on LIBs fire. According to the use guide published by F-500
development company (Hazard Control Technologies, Inc.), the solution
with concentration of 3 % is selected as the experimental object. Firstly,
the released gases of cells at various state of charges (SOCs) were taken
and analyzed. Then, the gases absorption tests were conducted to
explore encapsulating gas capacity of 3 % F-500 solution. Meanwhile,
absorption state was characterized by dynamic laser light scattering
(DLS). Combined with the measurement of surface tension, viscosity, it
could be concluded that lower surface tension and suitable viscosity
were conductive to cool the battery modules. The findings provided here
could shed light on further improving the extinguishing efficiencies of
new agents for suppressing LIBs fire.

2. Experimental
2.1. LIB

This paper used 18,650-type cylindrical LIB with a capacity of 3 Ah
and a nominal cell voltage of 4.2 V. The cathode and anode materials
contain NCA(LiNip gCog 15Alp.0502) and graphite respectively. The mass
of cell removed the plastic packaging is 46.8 & 0.20 g. The battery has
two safety valves, located in upper and bottom, respectively. ANEWARE
CT-4008 T battery testing system was used to prepare the cells tested.
According to the steps, the LIBs were first laid aside 2 min, then dis-
charged with a constant current 1.7 A to 3 V, and the laid aside 2 min.
Then LIBs were full charged to 4.2 V with the constant current/constant
voltage until the charge current fell below 34 mA. Finally, the LIBs were
packed to the desired SOC with a constant discharge current of 1.7 A.
Hereafter, the cells were standing for 4 h to ensure the stable perfor-
mance of battery before tests.
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2.2. Experimental process

2.2.1. Characteristic gases of battery test

The TR of battery was conducted in a sealed tank, as showed in Fig. 2.
The container was cylindrical tank of 250 mm (Inner diameter) x 300
mm (Height) x 100 mm (Thickness), which was made of the stainless-
steel material. The tank was equipped with a gas filling system, an
exhaust valve, a vacuum pump, a gas collection valve and a digital
pressure gauge. A gas sampling valve was used to collect the gases
generated from TR happened in the battery. The pressure inside the tank
was recorded by a pressure transmitter. Two thermocouples were used
to monitor the temperatures inside the tank environment and battery
surface, respectively. Before the experiment, the vacuum pump was
opened to draw out the air inside the tank and fill it with a certain
amount of helium to ensure the value of pressure inside the tank is 0.1
MPa, which was operated for more than three times to ensure that the
tank filled with helium gas. Then stand for 10 min to ensure that the
temperature of the sealed tank is the same as the external ambient
temperature. At the beginning of the experiment, the electric heating
system was turned on and the electric heater was heated at a rate of
10 °C/min. When temperature of battery increased several hundred °C
in a matter of seconds, the tested battery was identified as TR, then
battery cools down slowly [85]. To repeat the experiments, the heater
was shut down after surface temperature of tested battery reached the
maximum temperature. This is because the battery is under the stage of
cooling down slowly. During this process, the temperature and pressure
inside the container was collected by the paperless recorder. The
released gases were collected by a high temperature air collecting bag.
Then, the compositions of the gases were analyzed by using gas chro-
matography and mass spectrometry (GCMS, SHIMADZU GCMS-
TQ8040NX). The MS was used to detect TR gases. The GC was cali-
brated for Hy, CO2, CO, CH4 and CyHy4. The carrier gas is the helium gas.
In order to ensure that there are no other interference factors, this paper
makes a series of blank experiments without battery for comparison. On
the premise of the same experimental conditions, the electric heater was
heated to 100 °C, 200 °C, 300 °C and 400 °C respectively according to
the same heating rate (10 °C/min). Then the gas was collected and
analyzed by GCMS.

2.2.2. Gases absorption test

To explore whether the 3 % F-500 solution could absorb the char-
acteristic gas (Hy or CO) or not, a preparation facility for standard gas
samples was established, as shown in Fig. 3. Firstly, to prepare the gas-
saturated solution, the characteristic gas of the battery was pumped into
a 1000 ml conical flask filled with 3 % F-500 solution for 30 min. Then,
the micelles size of the solution after the gases absorption tests was
investigated by dynamic laser light scattering (DLS). If 3 % F-500 so-
lution could parcel the characteristic gases, the micelles size of solution
got from gases absorption test will bigger than before.

2.2.3. Viscosity and surface tension test

The water-based fire-extinguishing agent is transported to the nozzle
through the pump. Hence liquidity is an important parameter in this
work and viscosity is another significant parameter to affect the liquidity
and evaluate the injection way. High-viscosity fire-extinguishing agent
is incapable of releasing though nozzle and penetrating into the battery
module. Therefore, viscosity and surface tension were measured by a
digital rotary viscometer (NDJ-8 s) and BZY-101 series automatic sur-
face tensiometer, respectively.

2.2.4. Fire extinguishing test

The arrangement and number of the battery modules can have an
enormous impact on the effectiveness of fire extinguishing. Fig. 4 ex-
hibits the configuration of battery module and arrangement of ther-
mocouples. As showed in Fig. 4(a), the used cell module was arranged in
arectangular array (as a kind of common array in ESSs) without spacing.
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Fig. 4. (a) Distribution of the tested battery modules and (b) 3D rendering of
the battery holder.

Two nickel-chromium wire (0.7 mm thickness) and the rectangle
stainless steel battery holder were used to fasten the battery module and
prevent battery from fleeing during TR, as shown in Fig. 4(b). The gray
cylinder (18 mm in diameter, 130 mm long) represents a 350 W electric
heater, used for initiating TR of battery tested. One K-type thermocouple
was attached to the heater to control the temperature rising rate (10 °C/
min) of the heater by single chip. The maximum temperature on the
heater was set for 330 °C. Based on practical engineering applications,
not all cells need to be arranged with the thermocouples. In our work, we
mainly focused on the battery #1-#4 due to their symmetric arrange-
ment, as shown in Fig. 4(a). The temperatures mentioned above during
process of experiment were monitored and recorded with a THM167
data acquisition at a frequency of 1 Hz.

Fig. 5 shows a schematic diagram of the combustion and suppression
test apparatus used in the paper. The apparatus mainly consists of a
combustion chamber, a high-pressure water spray system, an exhaust
system, external heat system, thermocouple data loggers and digital
video camera. The apparatus was a cuboid of 700 mm (width) x 1015
mm (length) x 1820 mm (height), which was made of 304 stainless
steel. A digital video camera was used to observe the experimental
phenomenon through explosion-proof glass window. To effectively
extinguish the battery fire, high-pressure WM atomizer nozzle was
placed directly above the battery. To reduce the error brought extin-
guishing agent or water transport in the fire extinguishing pipe, solenoid
valve was installed near nozzle. The fire-extinguishing agent was
collected by a waste liquid dish after the suppressing experiment. So at
least three groups of experiments are done in each group to ensure the
reliability of data.

The paper mainly explored the extinguishing effectiveness of F-500
by suppressing tests. The SOCs, various fire-extinguishing agents in this
work are listed in Table 1. For test group 1-6, free-burn tests and pure
WM tests were conducted to provide a benchmark. Considering that it
took a certain of time for agents to spray from the nozzle, pump was
turned on for 1 min to ensure agents filled the extinguishing pipe before
suppressing tests. The electric heater was immediately turned off and
pump was opened after fire occurred in the first battery. The duration of
agents released was 30 s and volume of agent released was 0.81 + 0.1 L
in this paper. For test group 4-9, the distance between the nozzle and the
battery was approximately 46 cm. The working pressure of WM (P) was
fixed at 5.5 MPa. The flow of nozzle (Q) was 1.62 L/min and its spray
angle of agent was 60°. The flow discharge coefficient can be figured out
by following Eq. (1):

Q = KV10P @

where K is the flow discharge coefficient. Table 2 summarizes the detail
characteristics of WM.

The surface temperatures of batteries were recorded by thermocou-
ples during the tests. To ensure the accuracy of experiment, all the tests
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Table 1
Experimental conditions for tests.
No. SOC/ Agents Moment of Pressure/ Duration/  Volume/
% release Mpa s L
1-3 60/ / / / / /
80/
100
46 60/ WM The first 5.5 30 0.81
80/ battery
100 occurs jet
fire
7-9 60/ 3%F- The first 5.5 30 0.82
80/ 500 battery
100 solution occurs jet
fire
Table 2
Characteristics of WM.
Nozzle working Flow rate Flow discharge coefficient Cone angle
pressure (MPa) (L/min) (Lmin 1 MPa‘O‘S) [{®)]
5.5 1.62 0.22 60

mentioned above were repeated at least twice.

3. Results and discussion
3.1. TR propagation under different SOC

Fig. 6 presents the surface temperature of battery modules with
different SOC during TR propagation. TR generally occurs when the heat
produced by exothermic reactions in battery overpasses heat con-
sumption to the environment [19]. The temperature will gradually in-
crease with the aggravation of exothermic reactions among components
in the battery. When the temperature increases at an exponential rate,
the TR occurs. Hence, the TR onset temperature (T;) of battery is one of
significant parameters. In our study, the critical temperature was chosen
as T, when the rate of temperature rise reached 10 °C/s. As Fig. 6(a—c)
shows, battery module with three kinds of SOC happened a similar TR
propagation process (#1 — #4 — #2 — #3). In other words, battery
modules could happen TR phenomenon from one row to the next. The

surface temperature of battery increased gradually with the continuous
heating. The temperature curves of battery #1 and battery #4 are almost
overlapping owing to their symmetric arrangement. The temperature of
batteries in the module become low from left to right. TR initiated in
battery #1 and battery #4 at the early of stage due to their direct contact
with the heater. The battery #1 and battery #4 were expected to initiate
TR at the same moment due to their symmetric arrangement. However,
the battery #1 firstly experienced TR, and propagated battery #4, owing
to manufacturing difference of battery. The electric heater was turn off
when the first battery experienced fire. Hence, following TR propagation
relied on the heat produced inside the first battery.

Table 3 presents some significant parameters of the TR propagation
with different SOC. The maximum temperature (Tax) during the TR
process indicates the maximum heat produced inside the battery. The
battery #1 and battery #4 represent the batteries of first row in the
module. The battery #2 represents the battery of middle row in the
battery module. The battery #3 represents the battery of last row in the
module. As shown in Table 3, the batteries in the middle row encoun-
tered serious heat hazard process with the highest temperature when the
SOC of battery module was 60 %. This is because the TR happened in the
batteries of the first row by the not high temperature of electric heater
(350 °C approximately). And, the right side of batteries in the last row
was the air environment (20 °C approximately), which weaken the heat
hazard. TR occurred in the batteries of middle row by the higher tem-
perature of batteries in the first row (> 700 °C), which resulted in the
batteries in the middle row with the highest temperature. However, the
temperature of middle battery was the least when the SOC of battery
module was 100 %. This is because a lot of heat was depleted during TR
occurred inside battery in the middle row due to the ejection of mate-
rials. Additionally, Tpax presents a slightly higher owing to the strong
exothermic reaction in higher SOC [66]. For example, the highest tem-
perature of battery #1 with 60 % SOC was 754.5 + 29.3 °C, while Tpax
of battery #1 with 80 % SOC and 100 % SOC were 766.0 £+ 55.9 and
862.7 + 60.3 °C, respectively. The onset temperature of TR (T) of
batteries become lower with TR propagation process for various SOC.
This is because the Tpax (such as 754.5 + 29.3 °C for 60 % SOC) and
temperature rise (T) (such as 11 + 0.1 °C/s for 60 % SOC) of first row
battery are higher than these of heater (350 °C and 10 °C/min, respec-
tively). The external high heat increased the active materials in battery.
Hence, the temperature rising rate of TR (T) of batteries become higher
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Fig. 6. Surface temperature of battery module of various SOC: (a) 60 %; (b) 80 %; (c) 100 %.

with TR propagation process for 60 % SOC and 80 % SOC. Additionally,
T increased and T; decreased in battery module with higher SOC (i.e., 80
and 100 %). This indicated that battery modules with higher SOC bring
more heat hazard.

Fig. 7(a) shows the responsive time of battery module with various
SOC. The responsive time (t;) of TR become longer from left to right
battery in module, which accords with the rule of TR propagation. It
took 1992 s to finish the TR propagation process at 60 % SOC. It took
1883 s for the battery module to finish TR propagation at 80 % SOC, and
consumed 1865 s at 100 % SOC. TR happened inside batteries became
early with the increasing of SOC owing to lower Ty, as shown in Fig. 7(b).
Fig. 7(b) presents the variations in the onset temperature of TR when the
temperature rate overpass 10 °C/s. The onset temperature of TR in
batteries decreased with the increasing of SOC. It is noticeable that T, of
battery #2 with 60 % SOC was unusually low. This maybe because the
surface temperature could not completely represent the actual temper-
ature in the battery #2. The different battery with same SOC shows
different T;. This maybe the big temperature gradient between the sur-
rounding cells accelerate the heat transfer, which result in the lower T;.

Fig. 8 shows the battery temperature rate curves of battery #1 and
battery #2 in battery module with 60 % SOC. The battery #1 occurred a
quasi-exponential rise process with temperature. Before battery went
into TR, the temperature rate was fluctuated because battery self-
heating could not ensure the rate of temperature rise increase.

Subsequently, a remarkable amount of heat released during TR occurred
inside battery #1, which led to temperature rise quasi-exponential
increased with temperature. TR inside battery #1 was started at the
temperature rate of 11 °C/s. Concurrently, the high temperature
gradient between batteries brought the heat transfer, which resulted in
temperature rate of battery #2 rapid enhanced. Hence, TR inside battery
#2 was activated at the rate of temperature rise of 34 °C/s. Hence, heat
transfer between batteries during TR propagation increases the thermal
hazard of battery.

Fig. 9 shows typical TR propagation process of battery module with
60 % SOC. As shown in Fig. 9, the battery module experienced a TR
propagation process (#1 — #4 — #2 — #5 — #6 — #3), which is
consist with temperature curve (Fig. 6(a)). Firstly, the safety valves of
battery #1 and battery #4 opened one after another with a loud crack.
The open event of safety valve was accompanied with release of some
smoke. Then, the release rate of these combustible smokes continuously
accelerated with increasing gradually of battery temperature. Finally, a
considerable of smoke produced by battery #1 was ignited by sparks.
The TR occurred inside battery #1 only 1 s after the battery was ignited.
At the moment, a high-speed jet fire was observed, forming white light
zone, which indicated violent chemical exothermic reactions happened
inside battery. These chemical exothermic reactions often generate a lot
of combustible gases, which result in these gases eject from safety valve
with high-speed. Finally, these combustible gases were ignited by the
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Table 3
Significant parameters of batteries during TR propagation.
Battery #1 #2 #3 #4
number
60 % SOC Tax 754.5 £ 786.1 + 702.6 + 705.4
(§9] 29.3 13.3 29.3
T, (°C) 152.9 + 113.0 + 129.6 + 127.5
19.2 1.2 6.2
tre (8) 1977 + 1981 + 1992 + 1775
298 292 295
T ©c/ 11 222 + 325+ 26.1
5) 16.7 14.2
80 % SOC Tmax 766.0 + 763.8 + 743.4 £ 752.9 +
Q) 55.9 74.7 87.1 52.8
T, (°C) 152.3 + 129.5 + 114.4 + 153.9 +
12.1 32.6 8.6 23.5
tre (S) 1870 + 1872 + 1883 + 1871 +
103 104 148 100
T (°C/ 24.3 + 30.3 + 95.5 + 38.3 +
s) 11.5 14.2 118.5 10.7
100 % SOC Tmax 862.7 + 693.5 + 895.7 + 807.4 +
Q) 60.3 156.6 5.1 30.3
T, (°C) 124.0 + 110.1 + 87.4 £ 1.7 144.3 +
4.2 16.2 5.3
tre () 1820 + 1822 + 1865 + 1816 +
290 290 398 286
T(C/ 75.9 + 27.6 + 13+ 1.4 23.6 +
s) 87.3 20.0 17.2

preceding flame, which was conductive to the forming of jet fire.
Generally, TR accompanied with jet fire occurred after it was ignited,
which was also observed in previous research [66]. Similarly, the bat-
tery #2, battery #4 and battery #3 occurred jet fire and even explosion
after these batteries were ignited. Additionally, an interesting phe-
nomenon was observed that the ignition event of other batteries
occurred almost simultaneously with the opening of the relief valve
except battery #1 and battery #4. This is because battery #1 and battery
#4 became the ignition source of subsequent batteries in modules,
which accelerated the process of TR of these batteries. The heat con-
duction and the thermal radiation from TR of battery #1 and battery #4
increased the thermal hazard for the battery #2 and battery #5, and the
similar TR phenomenon was observed in battery #3 and battery #6. TR
happened in battery #2 prior to that in battery #5 owing to the heat
move from battery #1 to battery #2. Finally, TR initiated in battery #6
and battery #3 owing to heat transferring of battery #5 and battery #2,
respectively.
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3.2. Suppressing effect of WM on TR propagation

To understand the cooling and extinguishing effect of pure water,
WM was investigated for different SOC module. The variations in the
surface temperatures of the batteries experienced for battery module
with different SOC were illustrated in Fig. 10. The light blue rectangle
represents the duration of WM release, including moment of application
and duration time. In this work, the moment of WM release was on fire
of the first battery and the duration time of WM was 30 s in all the tests.
In the test 4, when the first battery (battery #1) caught fire, the WM was
applied. The batteries in battery module with 60 % SOC not experienced
TR at the moment, while the surface temperature of battery #1 was
192.3 °C. Although the temperature was lower than the onset temper-
ature of TR inside battery #1 (197.1 °C), WM could not efficiently
suppress the TR inside battery #1 in the following time. WM needed
some time to completely penetrated into the battery module due to the
existing of flame. Additionally, the cooling of battery mainly relies on
the vaporization latent heat and specific heat of water, thus the theo-
retical cooling power of battery dissipated can be expressed using:

[/ T— T() 7T < Tbm'[
Pw= { Cyotoy (Thoir (— To) +>hfmwl, T 2> Tpou 2
where C,, represents the specific heat (4.12 kJ/kge°C); hs is the vapor-
ization latent heat of water (2257 kJ/kg) and my, is the mass of water
laid on the battery surface. T is the battery temperature (°C), Ty is the
environment temperature (20 °C) and Ty is the boil temperature of
water (100 °C). The my, can be figured out as follows:

my = p,4, 3

where p,, is the density of water (1000 kg/m®) and q,, represents the
volume flow rate of WM on a single cell (8.0 x 10~8 m3/s). Thus, the
cooling power is 206.93 W. The heating power of battery can be
calculated using: [66].

pu = mye, T “4)

where my, is the mass of cell after test, T is the battery temperature (°C)
and cy, is the specific heat of battery (1.1 kJ/kge°C). Fig. 11 shows the Py
curve of the first battery occurred fire in the test 1. The Py was 458.3 W
when TR occurred in the battery and reached the maximum value of
2084.5 W. Therefore, WM could not suppress the TR in battery #1
because cooling power is far less than heating power. As illustrated in
Fig. 10(a), Timax reached a maximum temperature of 739.3 °C during
the WM application. Subsequently, the Py rapidly reduced —88.4 W in
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Fig. 7. (a) Responsive time (t.) of TR with various SOC; (b) onset temperature of TR (T,) with various SOC.
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Fig. 9. TR propagation process of 60 % SOC battery module.

19 s due to momentary heating process. Finally, the temperature of
battery #1 reduced due to the cooling power of WM dominated the
temperature variation. However, battery #4 and battery 2 went into TR
during the WM release. The Timax reached a maximum of 300 °C
approximately during the WM application. The heat power of battery #2
was related to heat transfer with battery #1 and battery self-heating.
Hence, the surface temperature of battery #2 rebounded during the

WM application. The fire was extinguished 26 s after WM was released.
The battery #3 was successfully controlled during WM was applied. The
surface temperature of battery #3 increased slightly at early stage of
WM release and rapidly reduced from 143.7 °C to 66.3 °C in 10 s due to
water cooling. Then, a liquid film warped the surface of battery #3 and
cooling capacity of water become worse due to below 100 °C, as shown
in Eq. (2). Hence, the temperature of battery #3 slightly increased to
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Fig. 11. Change curves of heating power (py) inside battery #1 in test 1.

106.3 °C owing to heat transfer of battery #2 and the liquid film dried
up. Then, the surface temperature of battery #3 decreased to 87.8 °C at
late stage of WM application. Hence, a new liquid film was formed on

the surface of battery #3. All the cells in the module indicated a slight
increase due to the residual heat inside the cells after WM applied.
Finally, the battery #3 occurred fire and TR in the condition of heat
transfer of battery #2. The maximum surface temperature of battery #3
reached 777.7 °C.

The battery module with 80 % SOC and with 100 % SOC experienced
a similar temperature curves, as shown in Fig. 10(b-c). It took approx-
imately 30 s to extinguish open fire of 80 % SOC battery module by WM,
while consumed 24 s to suppress the open fire of 100 % SOC module.
This is because rapid combustion of 100 % SOC module accelerates the
extinguishment process. Although the open fire of these higher battery
modules (80 % and 100 % SOC) was extinguished during the WM was
released, all the batteries happened jet fire and TR. Table 4 presents the
significant parameters of batteries in test 4-6. The maximum tempera-
ture of batteries increased with increase of SOC. This indicated that the
difficulty of suppressing TR propagation become bigger with increasing
of SOC. The surface temperatures of all the batteries rapidly rebounded
higher after the WM application. This phenomenon maybe contribute to
the fact that the internal temperature of battery was still high and
without significantly reduced during the application of WM [70]. The
internal heat of battery transferred to the battery surface though battery
shell. Additionally, the open fire of 80 % SOC module was observed
again in the process of temperature rise, while the open fire of 100 %
SOC module was observed after the peak temperature. This maybe the
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Table 4
Key parameters of battery module during WM with different SOC.
Battery #1 #2 #3 #4
number
60 % SOC Tax 635.1 + 586.2 + 762.3 + 335.9
(§9] 147.9 18.5 21.8
T, (°C) 171.7 + 94.8 + 3.4 91 +£5.8 178.7
35.9
tre (8) 1787 + 1789 + 1791 + 1892
148 144 143
T (°C/ 10.7 £ 0.6 335+ 30.4 £ 6.0 25.5
s 13.3
Tr (°C) 591.2 + 579.9 + 425.6 + 101
69.7 9.6 454
80 % SOC Tax 808.0 + 633.8 + 627.5 + 617.0 £
(§9)] 14.6 65.5 85.6 55.6
T (°C) 146.8 + 108.3 + 111.6 + 112.4 +
4.0 0.5 8.3 22.8
tre (8) 1847 + 19 1869 + 40 1871 + 28 1848 + 14
T (°C/ 61.3 £ 19.4 + 31.6 £ 255+ 7.6
s 15.3 10.8 19.8
Tr °C)  665.2 + 619.4 + 627.5 + 617.0 =
9.5 89.7 85.6 55.6
100 % SOC Tmax 913 + 799.2 + 668 + 681.4 +
Q) 239.0 71.0 112.8 18.2
T, (°C) 139.0 + 109.0 + 85.0 £ 6.0 112.5 +
5.3 0.9 22.8
tre (5) 1724 + 1724 + 1734 + 1725 +
247 248 249 249
T (°C/ 63.1 + 62.2 + 321 + 46.1 +
s) 45.1 18.6 14.6 42.5
Tg (°C) 635 + 701 + 8.2 623 + 681.3 +
148.6 50.0 18.4

higher SOC (100 % SOC) has been consumed during the WM applica-
tion. Different with TR of battery #3 in the 60 % SOC module, the re-
ignition of these high SOC modules happened on the whole the mod-
ule. Clearly, WM has poor effect to fight with the re-ignition. Therefore,
to improve the cooling efficiency and extinguishment, a kind of micelle
encapsulator was investigated for the battery module fire.

3.3. Suppressing effect of a micelle encapsulator on TR propagation

Fig. 12 presents the effective suppression of 3 % F-500 solution on
battery module fire in test 7-9. The sight orange rectangle is the dura-
tion of F-500 release. The same as the release time of WM, 3 % F-500
solution was released when the first battery in battery module occurred
fire. However, TR inside the battery #1 and battery #4 occurred during
the 3 % F-500 solution application. The surface temperature of battery
#1 reached 276.4 °C at early stage of application, then the temperature
was rapidly decreased. Fortunately, other batteries were protected due
to their retaining low temperature, as shown in Fig. 12(a). It took 15 s to
completely put out the flame in test 7. The surface temperatures of
battery #1 and battery #4 rebounded after the application due to in-
ternal heat of batteries transferring. As shown in Table 5, The rebounded
temperatures of battery #1 and battery #4 were 286.7 °C and 319.8 °C,
respectively. In addition, the temperatures of other batteries were not
obviously rebounded. Same conclusion as WM, the difficult of fighting
fire became bigger with increasing of SOC for 3 % F-500 solution. It
consumed 19 s to suppress the battery module with 80 % SOC fire for 3
% F-500 solution. The maximum surface temperature of battery #1 was
748.4 °C during 3 % F-500 solution application. Then, the temperature
was rapidly reduced. The TR happened in the battery #1, battery #4 and
battery #2 with 80 % SOC battery module during 3 % F-500 solution
application. Although the surface temperature of battery #1, battery #4
and battery #2 happened rebound after 3 % F-500 solution application,
no open fire was observed. Therefore, rapid extinguishing flame was
positive to cool the battery module. All the temperatures of batteries
rebounded after 3 % F-500 solution application. As illustrated in Table 5,
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the rebounded temperatures of battery #1, battery #4 and battery #2
were 385.5, 382.9 and 419.3 °C, respectively. It is indicated that 3 % F-
500 solution could not suppress TR propagation of battery module with
100 % SOC. Apparently, the rebounded temperature of batteries with
higher SOC became bigger. Fortunately, no open fire was observed for
battery module with 100 % SOC after 3 % F-500 solution application. In
addition, the onset temperature rise became bigger with increasing of
SOC, as shown in Table 5. The difficult of fighting fire became bigger
with increasing of SOC for 3 % F-500 solution. In a word, compared with
WM, 3 % F-500 solution showed excellent suppressing flame capacity
and outstanding resistance ability to re-ignition.

3.4. Extinguishment mechanisms of micelle encapsulator

3.4.1. Gas analysis under various SOC

In the blank experiment of gas analysis, most of gas are helium, so it
is considered that the tightness of the device is good. In the subsequent
experimental results, helium will be detected and ignored in order to
express intuitively. Fig. 13 shows the main gas ingredients of tested
battery with different SOC. The detected gas ingredients were Hy, CO,
CoHy, CH4 and CO», which were consistent with the previous empirical
studies [85,86]. Obviously, these released gases were flammable and
explosive. Hy and CO were key flammable components, so they were
chosen characterized gases of battery in following work. The pro-
portions of CO and Hj in TR gases of battery with 60 % SOC were 34.95
% and 16.31 %, respective. Compared battery with 60 % SOC, the bat-
tery with 80 % SOC possessed higher the proportion of Hy in TR gases,
which reached 23.3 %, while the proportion of CO reduced to 27.6 %.
The proportion of CO was the highest when SOC of battery increased
100 %, which reached 40.17 %. The proportion of Hy was 20.73 % when
the battery with 100 % SOC. Additionally, the proportion of CO, almost
decreased with increase of SOC. The proportion of CO, was 40.78 %
when the battery possessed 60 % SOC, and proportion of CO; for battery
with 80 % and 100 % were 41.4 % and 32.05 %, respectively. Other
gases, such as CoH4 and CHy, have no obviously difference with different
SOC.

3.4.2. Gas absorption mechanism analysis of 3 % F-500 solution

As shown in Fig. 14, the different fire-extinguishing agents were
found to play a significant role in the extinguishment effectiveness of the
battery module. Combustion time without any fire-extinguishing agents
was longer than the time under the condition of WM. The combustion
time of battery module become short with the increasing of SOC due to
violent chemical reaction inside battery at high SOC. The combustion
time of battery module with 60 %, 80 %, 100 % SOC were 54 + 9, 42 +
11 and 41 + 1 s, respectively. The result indicted that WM was positive
to fight the fire. The SOC have almost no effect on the extinguishment
efficiency of WM. It took appropriately 25 s for WM to battery module.
However, open fire was observed after the fire was extinguished in test
4-6. 3 % F-500 solution consumed 18 + 4, 17 + 8 and 29 + 1 s,
respectively to extinguish battery module fire with 60 %, 80 %, 100 %
SOC, as shown in Fig. 14. Fortunately, re-ignition phenomenon was not
observed when 3 % F-500 solution was applied, as discussed in Section
3.3. Clearly, compared with pure WM, the 3 % F-500 solution possessed
excellent extinguishing effective. The Fig. 15 shows the extinguishment
mechanisms of WM and 3 % F-500 solution, respectively. The extin-
guishment mechanisms of WM mainly depend on the cooling, suffoca-
tion and insulation [87]. When WM released, it diluted the oxygen in the
air above the battery by suffocation, as shown in Fig. 15(b). Meanwhile,
the concentrations of combustible gases were reduced by the isolation.
The flame zone above the battery module was cooled due to the steam
conversion of WM. However, WM was not effective (>20 s) by rapidly
suppressing the flame. This is because liquid droplets of WM with low
thermal mass cannot reach the heat source of battery module [88].

By contrast, the efficiency of 3 % F-500 solution on extinguishing
battery module flame was better than WM. A very important feature of
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Fig. 12. Temperature variation for surface of test 7-9 extinguished by 3 % F-500 solution: (a) 60 %; (b) 80 %; (c) 100 %.

LIBs fire compared with ordinary fire is that LIBs fire will produce a large
number of combustible gases, such as CO and Hy, which are difficult to
dissolve in water, so WM is difficult to deal with these gases. 3 % F-500
could put out open flame by encapsulating the combustible gases. The
main composition of F-500 is a kind of amphiphilic surfactant, whose
polar head could dissolve in water, and the nonpolar tail repel water
molecules seeking other types of molecules, such as hydrocarbons [89].
As shown in Fig. 15(c), A group of F-500 molecules can arrange around
the hydrocarbon molecules to form a microcellular called “Chemical
Cocooning”, which causes the hydrocarbon molecules to lose their
flammability. The wrapped combustible gases flowed away with the
agent. For SOC100 % LIBs, WM and 3 % F-500 cannot completely
extinguish the battery fire, but the effect of F-500 on WM is better, which
slows down the combustion rate of the battery.

Fig. 16 shows the micelle size of 3 % F-500 solution after absorption
tests. We found that the micelle size of 3 % F-500 solution became bigger
after absorption tests than before, which indicated that 3 % F-500 so-
lution could absorbed these key gases. The median particle diameter
(D50) of 3 % F-500 solution was 38.15 nm before absorption tests. The
D50 of 3 % F-500 solution after the absorbed Hy was 49.76 nm, and the
D50 of 3 % F-500 solution after absorbed CO was 81.73 nm. This is
because the main elements of F-500 is an amphipathic surfactant, which
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contains a hydrophilic group and a lipophilic group [90]. The lipophilic
group caught CO and H; in the micelle, which resulted in variation of the
volume and the cumulative distribution of the micelle. The F-500 has a
polar head end and a non-polar tail end. H; is a non-polar gas and CO is a
weakly polar molecule. Therefore, H, and CO are easily captured by the
non-polar side of F-500, and H; and CO will be wrapped in the micelle.
The Gibbs free energy decreases in this process, so the gas absorption is a
spontaneous process. Based on Mukerjee model [91], the chemical po-
tential energy of gases molecule increases caused by Laplacian force in
the micelle, which contributes to gas molecule entering the micelle. The
increment of free energy (AG) can be the Eq. (5) as follows:

AG = APV, =

27er ©)
where APy, is the Laplacian force from the interface of micelle and water;
and y is the interface force between micelle and water. 1/r is the cur-
vature of micelle and ~Vy, is partial molar volume of gas. Hence, the
combustible gases were isolated from oxygen by water layer. In addi-
tion, the heat from the combustible gases was conveyed from the inner
to outer, as shown in Fig. 15(c). It was also found that the micelle size of
3 % F-500 solution after absorbed CO increased slightly bigger than
absorbed Hs, because molecule size of CO is the bigger than Hs.
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Table 5
Key parameters of battery module during 3 % F-500 solution with different SOC.
Battery #1 #2 #3 #4
number
60 % SOC Tinax 216 + 105.9 + 85.9 + 359.4 +
(O] 100.0 4.2 15.5 55.9
T (°C) 177.4 - - 165.2 &+
12.7
tre (s) 1972 - - 1840 +
182
T (C/ 12.3 - - 179 +
s) 11.2
Tr (°C) 192.2 + 69.5+0.5 63.8 + 296.3 +
133 14.3 33.3
80 % SOC Tinax 385.5 382.9 130.1 748.4
(9]
T (°C) 156.1 107 - 205.9
tre (8) 1715 1714 - 1714
T (°C/ 16.2 24.1 - 80
s)
Tr (°C) 385.5 382.9 103.3 419.3
100 % SOC Tax 478.7 £ 467.9 + 610 + 682.5 +
Q) 86.4 17.5 184.9 54.5
T, (°C) 114.2 + 41 65.2 + 1259 &+ 148.6 &
13.5 78.6 6.8
te () 1767 + 1772 + 1869 + 1766 +
169 177 308 165
T (C/ 16.2 +£ 0.8 30.5+8.5 241+ 47 33.0 +
s) 26.5
TR °C)  452.7 + 467.9 + 610.7 + 653.3 +
123.2 17.5 184.9 110.7

3.4.3. Cooling mechanism analysis of 3 % F-500 solution

An assessment of rebounding temperature is significant in evaluation
of cooling capacity and resistance ability to re-ignition. Fig. 17 shows
the temperature curve of the first battery with different SOC. The surface
temperature of battery was rapidly reduced to below 100 °C, then the
temperature rapidly reached to a relative low temperature, as shown in
Fig. 17. The second peak temperature value was defined as the
rebounding temperature in this work. Fig. 18(a) shows the rebounding
temperature of first battery when WM was applied. The impact of WM
on the rebounding temperature was not obviously, which indicated that
the cooling capacity of WM was poor. The rebounding temperature of
first battery was 664.1 + 11.0 °C in the test 5. Obviously, the
rebounding temperature was enough to cause TR propagation of all
battery, as shown in Fig. 18(b). The rebounding temperature lower the
414.8.5 + 6.4 °C was enough to prevent thermal runaway propagation.
In addition, the rebounding temperatures of first battery increased with
the increasing.

of SOC when 3 % F-500 solution was discharged, as shown in Fig. 18
(a). The rebounding temperatures when 3 % F-500 solution was released
were less than that when WM was released. This is because 3 % F-500
solution possesses higher cooling capacity than WM. Fig. 19 shows the
viscosity and surface tension of 3 % F-500 solution and pure water. The
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viscosity and surface tension of 3 % F-500 solution were 2.05 Mpaes and
23 MN/m, respectively. However, the viscosity and surface tension of
pure water were 1.1 Mpaes and 69 MN/m. Compared with pure water, 3
% F-500 solution possessed lower surface tension. The lower surface
tension reduced the droplet size of water, which increased the contact
surface with fire zone. Additionally, the lower surface tension increased
the contact surface with battery module, which improved the penetra-
tion performance of water. The outstanding penetration capability
allowed more water to rapidly contact the battery module and attack
hidden fires of battery module successfully when 3 % F-500 solution was
applied. Therefore, 3 % F-500 solution could absorb more heat than pure
water. Additionally, cooling capacity is also positive to prevent the re-
ignition of battery module. Re-ignition also need three conditions, as
discussed in Section 1. Almost fire-extinguishing agents could not reach
to the inner of battery owing to its special construction. It is difficulty to
remove the fuel and oxygen after the fire-extinguishing agent was
released. Meanwhile, oxygen is also provided by battery. Therefore,
cooling effect dominated the re-ignition. This is reason why no re-
ignition was observed after 3 % F-500 was applied, as discussed in
Section 3.3.

4. Conclusions

We studied the gases released from the battery by experiments and
the extinguishment mechanisms of 3 % F-500 solution. The following
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Fig. 14. Extinguishing time of different fire-extinguishing agents of
different SOC.
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Fig. 13. Detected components of the released gases (vol%): (a) 60 %; (b) 80 %; (c) 100 %.
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points could be found from this work:

(a)

(b)

()

The gases released from battery were combustible and explosive.
Hydrogen and carbon monoxide account for the largest propor-
tion of combustible components released from TR occurred in the
battery.

It was proved that 3 % F-500 solution could absorb the key
explosive gases. The micellar size of 3 % F-500 solution after
absorbed test was bigger than before (D50 from 38.15 nm to
49.76 nm for Hp and 81.73 nm for CO, respectively), which
indicated that 3 % F-500 solution wrapped the key gases by its
micelle structure. Laplacian force in the micelle would be main
force to absorb these key gases.

It was verified that 3 % F-500 solution possessed excellent cooling
capacity than WM. 3 % F-500 solution with lower surface tension
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(d

-

and suitable viscosity helped more water to penetrate into battery
module. Additionally, cooling mechanism of 3 % F-500 solution
on the battery fire depended on transferring heat of fuel. How-
ever, the cooling mechanism of WM on the battery module fire
mainly relied on heat steam.

In the test of battery with 60 %, 80 % and 100 %, it is obviously
obtained battery module with higher SOC shows less combustion
time. However, battery module with higher SOC increased fire-
fighting difficulty. More batteries were protected when 3 % F-
500 solution was applied than WM in this work.

(e) At present, there is no perfect solution for the research of LIB fire

extinguishing. Through the paper on the fire extinguishing effect
and fire extinguishing mechanism of F-500, it is concluded that f-
500 has excellent cooling capacity and the ability to absorb the
key explosive gases, which can make certain guiding significance
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for practical application and future research on fire extinguishing
agent.
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