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ABSTRACT 
Lithium-ion batteries (LiBs) have superior energy density and lifetime compared to battery technologies such as lead acid. Despite the widespread 
application of LiBs in energy storage systems, electronic devices, aerospace and the automotive industry, they present a fire risk. In this study, 
experiments were conducted to characterize the thermal behavior of the electrolyte (as the main contributor to LiB fires) using a cone calorimeter; 
investigate the interactions of water mist and a Bunsen burner, as a precursor to examining the effectiveness of a water mist suppression system in 
extinguishing a LiB fire. In the present work, we have endeavored to systematically study the fire suppression efficacy of water mist by adopting to 
some novel approaches. This involved carefully planned laboratory scale explorations that involved a propane gas fueled flame, and subsequently by 
using bespoke set up that mimicked fire owing to fuel surge from typical Li-ion cell (18650 cells). In the latter set of fire suppression tests, water 
droplets were produced by a fan nozzle and sprayed horizontally toward the jet flame of replica 18560 battery containing only the electrolyte. The 
results showed that both fire types (Bunsen burner and LiB) are suppressed rapidly on activation of the water mist fire suppression system for geometries 
that enable the water mist direct access to the lift-off zone, between the gas source and base of the flame. 

Keywords: Lithium-ion Battery; Thermal Runaway; Fire; Suppression; Water Mist. 

1. INTRODUCTION
The increased use of renewable energy technologies has put battery 
energy storage solutions in the spotlight. Lithium-ion batteries (LiBs) 
provide outstanding energy density, voltage and lifetime compared to 
other battery technologies (Blum and Long Jr 2016). In addition, LiBs 
are lightweight and have a low self-discharge rate making them the 
preferred battery technology for electronic handhelds, electric vehicles, 
and energy storage systems in airplanes and submarines (Pacala and 
Socolow 2004; Depetro 2016). Significant research has been conducted 
in the field of materials science to improve the energy density, safety, 
charge/discharge rate and longevity of LiBs.  

A lithium-ion cell comprises an anode and cathode deposited onto 
copper and aluminum current collectors respectively, electrolyte and a 
separator. Lithium ions are transferred from the anode to the cathode 
during discharge and from the cathode to the anode during the charging 
process (Tarascon and Armand 2001; Galatro et al. 2020). The most 
common material used for the anode is graphite due to its high negative 
potential, and various lithium metal oxides are used for the cathode with 
lithium iron phosphate commonly recognized as the best compromise for 
energy output and safety. A Solid-Electrolyte-Interface (SEI), a layer 
permeable to lithium ions but not to the electrolyte, is formed on the 
anode due to reactions between intercalated lithium ions and the 
electrolyte during the initial charge. Intercalation is the reversible 
insertion of a molecule or ion into materials with layered structures. The 
stability and characteristics of the SEI layer determine LiB thermal 
behavior, safety and lifetime. LiB electrolyte is usually a flammable 
carbonate-based organic solvent, unlike other battery chemistries such as 
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lead-acid, nickel-cadmium, zinc bromide and alkaline. However, the 
composition of the electrolyte may be varied to be compatible with the 
cathode and anode materials, with additives to improve cycling and 
lithium ion conductivity. Fire retardants may also be added to terminate 
the radical chain reactions of combustion, providing a safer operating 
environment (Julien et al. 2016; Ouyang et al. 2019). The separator is a 
porous membrane between the cathode and anode allowing lithium ion 
movement but preventing electrical short-circuiting between the anode 
and cathode (Julien et al. 2016; Arora and Zhang 2004). The separator 
materials are microporous films or laminates made of polyolefins such 
as polyethylene (PE) and polypropylene (PP). 

Despite the widespread application of LiBs, there are major safety 
concerns especially in battery-based power storage station, personal 
electronic devices, electric vehicles (Ruiz et al. 2018) and airplanes 
(Rodriguez 2013). These battery systems consist of a large number of 
cells where a failure such as thermal runaway in a single cell can 
influence neighboring cells and consequently the safety of the entire 
battery system (Lamb et al. 2015). Thermal runaway is a process where 
an increase in temperature causes internal reactions that are exothermic 
and result in further increases in temperature, generally leading to battery 
venting and fire. Pressure relief vents are built into the lid of the battery 
casings to control overpressure and avoid explosion by directing venting 
gases, and possible jet fire, away from the battery module. The likelihood 
and consequence of LiB fires can be seen over the past two decades 
where more than 300 fires or fire-related incidents with 40 fatalities have 
been reported (Depetro 2016). 

The abuse conditions which can initiate thermal runaway are 
categorized by: electrical abuse (over-charging/over-discharging) (Ye et 
al. 2016); thermal abuse (over-temperature) (Guo et al. 2017); 
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mechanical abuse (Ruiz et al. 2018) and internal short circuit (Feng et al. 
2018). Thermal runaway is associated with the occurrence of a variety of 
reactions involving the SEI decomposition, anode and electrolyte 
reactions and electrolyte decomposition (Wang et al. 2012; Ghiji, 
Edmonds, and Moinuddin 2021). The heat generated from the reactions 
can propagate to surrounding cells which may result in thermal runaway, 
cell rupture, gas venting, fire and explosion in the entire battery pack 
(Feng et al. 2018). Therefore, fire protection measures can be taken at the 
cell, module, pack, system and compartment levels (Wilkens et al. 2017). 
The fire protection measures range from integrated internal fuses to 
prevent internal shorting, fire retardants (Feng et al. 2018), power and 
temperature management (Singh et al. 2021), module separation and 
enclosure cooling (Ouyang et al. 2019). Fig. 1 depicts the levels of fire 
protection from cell components to compartment level. 

 

  
Fig. 1 The levels of fire protection for a LiB system in a compartment 
(Wilkens et al. 2017). 

 
The classification of a LiB fire is controversial and can vary due to 

the complexity of battery components, but basically fits into classes A 
(fires in ordinary combustible materials, such as wood, cloth, paper, 
rubber, and many plastics), B (fires in flammable liquids, combustible 
liquids, petroleum greases, tars, oils, oil-based paints, solvents, lacquers, 
alcohols, and flammable gases), and E (fires that involve energized 
electrical equipment) (Kong et al. 2018; Ouyang et al. 2019). Many 
suppression systems, such as halogen-based gases, chemical powder and 
carbon dioxide can extinguish a LiB fire, but cannot maintain cooling to 
suppress thermal runaway (Summer 2010). If the LiB is not sufficiently 
cooled, thermal runaway may continue and the battery or its neighboring 
batteries may ignite (Ghiji et al. 2020).  

Numerous researchers have studied LiB fires to examine fire 
suppression. The best practice and the optimum fire extinguishing 
medium for LiBs is yet to be determined (Summer 2010; Ditch and De 
Vries 2013). It has been reported by the US Federal Aviation 
Administration (FAA) (Maloney 2014) and US National Fire Protection 
Agency (NFPA) (Summer 2010) that halogen-based products can 
extinguish an open LiB fire, but cannot mitigate the internal battery 
temperature increase even after the extinguishment of a fire. In studies 
performed by Rao et al. (Rao et al. 2015), FM200 (heptafluoropropane) 
showed superior behavior in suppressing LiB fires compared to carbon 
dioxide and powder extinguishants. The effectiveness of FM200 in 

suppressing LiB fire was also reported by Wang et al. (Wang et al. 2016) 
while Liu et al (Liu et al. 2018) reported Novec 1230 to also be effective. 

LiB fire suppression can also be achieved by applying large 
amounts of water to a battery or by submerging the battery in water (Hill 
2017). Both of these methods extinguish LiB fires and cool the battery, 
inhibiting thermal runaway and preventing re-ignition. Det Norske 
Veritas and Germanischer Lloyd (DNV-GL) (Hill 2017) investigated the 
effectiveness of substances such as encapsulants (F500, FireIce, 
PyroCool), aerosol (Stat-X) and water sprinklers in suppressing a LiB 
fire and cooling a battery during thermal runaway. All systems 
extinguished the fires but the sprinkler system had enhanced continued 
cooling ability. Egelhaaf et al. (Egelhaaf et al. 2013) also demonstrated 
that the addition of surfactant and gelling agents can decrease the amount 
of water required for firefighting. Tests conducted by the FAA (Maloney 
2014) concluded that water-based suppressants (water, Hartindo AF-31, 
Hartindo AF-21, Aqueous A-B-D) are more effective compared with 
non-aqueous extinguishants (Hill 2017). The Fire Protection Research 
Foundation (Long et al. 2013) through testing demonstrated that water 
mist can effectively suppress a fire involving an electric vehicle battery. 
It has also been reported that the extinguishing effect of water mist can 
be improved by adding 5% F500 solution and 5% anionic nonionic 
surfactant to pure water (Luo et al. 2018). The effectiveness of adding 
3% aqueous surfactant to water mist on re-ignition of an 18650 type 
Lithium Cobalt Oxide battery pack (10 Ah × 4) fire was analyzed by Li 
et al. (Li et al. 2015). It was shown that water mist with aqueous 
surfactant was more effective in delaying the re-ignition (45 seconds) 
compared to ABC powder (10 seconds), and carbon dioxide (8 seconds). 

So far, water mist with additives such as surfactants and 
encapsulants (Luo et al. 2018) are considered to be promising for 
extinguishing and cooling LiBs. However, these additives could be 
harmful to the environment (Wang et al. 2019) and thus where possible 
water mist alone would be preferred. Water mist is considered due to its 
low water usage compared with other water-based suppression systems. 
However, further investigation on the thermal behavior of LiBs, 
firefighting strategies and suppression mediums are required to establish 
a preferred guideline to extinguish LiB fires. 

There are typically five mechanisms associated with fire 
extinguishment using water mist in a closed compartment (Mawhinney, 
Dlugogorski, and Kim 1994): gas-phase cooling; oxygen depletion and 
flammable vapor dilution; wetting and cooling of the fuel surface; 
radiation attenuation; and kinetic effects. Generally, all mechanisms take 
place to some extent during the suppression of LiB fires in enclosures. 
Conventional water mist systems direct droplets downward. However in 
the present work, we have developed a novel technique, where a sheath 
of fine water droplets was deployed horizontally across the flame front. 
Prior to this set of experiments we also carried out some preliminary 
investigations using an in-house-built testing rig consisting of a water 
spray and fires generated by burning propane gas through a Bunsen 
burner set up. The results showed that fires are suppressed rapidly on 
activation of the mist systems where geometries and configurations of 
the effluent mist that were capable of affecting the lift-off zone, between 
the gas source and base of the flame.  

2. MATERIALS AND METHODS 
A LiB undergoing the process of thermal runaway shows multi-stage 
behavior including cell expansion stage, gas spill and auto-ignition stage, 
jet fire stage, and stable combustion stage (Wang et al. 2017). Depending 
on the state of charge of the LiB, additional smoking, jet fire, and 
combustion stages can occur. During thermal runaway in a LiB, the 
electrolyte and separator may significantly contribute to heat release in 
the presence of oxygen through their ignition and combustion processes. 
Although the electrolyte and separator have low mass in a LiB, 
approximately 10% and 3% of the cell mass respectively (Ribière et al. 
2012; Ping et al. 2015), they provide high effective heat of combustion 
and account for approximately 80% of the heat release in a LiB fire. As 
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shown in Fig. 2, the effective heat of combustion for a commercial 
Lithium Manganese Oxide pouch cell was measured as 
4.03 ± 0.34 KJ g−1 with the electrolyte and separator contributing up to 
1.92, and 1.34 KJ g−1, respectively (Ribière et al. 2012). 

 
Fig. 2 Left: the total heat of combustion measured through 
experimentation. Right: heat of combustion of battery components 
determined by thermodynamic calculations (Ribière et al. 2012). 

 
It is the unpredictability of the electrolyte reaction to heating that is 

the most difficult to define which enhance the complexity of a LiB fire 
event. Furthermore, the combustion characteristics of a LiB are 
influenced by its chemical composition, stored electrical energy and 
construction.  

To simplify the fire process and eliminate the effect of other 
contributions to the combustion, a representative electrolyte only version 
of an 18650 (18 mm diameter by 65 mm length) LiB was developed as a 
replica cell. The replica cell concept can also be appreciated by 
Computational Fluid Dynamics analysis to evaluate and validate their 
simulation settings and results. A cylindrical steel rod was inserted into 
an empty 18650 cell case to fill the void taken by the battery internals, 
the case was filled with 5 grams of the electrolyte and the safety lid 
crimped onto the body. The replica battery contains the same mass of 
electrolyte as an 18650 LiB. 

To examine water mist suppression of venting LiB fires, three sets 
of experiments were undertaken; 

1. Characterization of the thermal behavior of the electrolyte, 
2. Preliminary investigation of the interactions of water mist and 

simple (diffusion) flame using a Bunsen burner and various 
water mist nozzle configurations and 

3. Examination of the behavior of LiB fires to water mist 
suppression. 

2.1 Thermal analysis of the electrolyte using a cone 
calorimeter 

The thermal properties of LiB electrolyte such as the heat release rate 
(HRR), and mass loss are measured using a cone calorimeter (Babrauskas 
et al. 2015) and a load cell similar to the tests conducted by Larsson et 
al. (Larsson et al. 2018; Larsson 2017; Larsson, Andersson, and 
Mellander 2016; Larsson et al. 2014). The HRR, considered the most 
important variable in fire hazard assessment (Babrauskas and Peacock 
1992), is determined by the oxygen consumption principle, According to 
the oxygen consumption principle, each organic liquid, gas or solid 
releases approximately 13.1 MJ heat per kg of consumed oxygen for 
complete combustion (Ping et al. 2015). The cone calorimeter tests 
conducted in this study are in conformance with ISO 5660 ("Reaction-
To-Fire Tests; Heat Release, Smoke Production and Mass Loss Rate"  
2015). 

During these tests, 5 grams of electrolyte was poured into a stainless 
steel cup with a diameter of 52.5 mm. The electrolyte was ignited after 
placing the cup under the cone calorimeter hood as shown in Fig. 3. 

 

 
Fig. 3 Liquid sample fire under the cone Calorimeter. 
 

The electrolyte investigated in this study is the most common 
electrolyte used in LiBs, lithium hexafluorophosphate salts (LiPF6) 
dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1.0 
M LiPF6 in EC/DEC=50/50 v/v) with a density of 1260 kg/m3. The 
electrolyte was provided by Sigma-Aldrich Ltd Co. The electrolyte has a 
boiling point of 130 °C and a flashpoint of 30 °C. The operating 
conditions and settings of the cone calorimetry are described in Table 1. 
 
Table 1 The cone calorimetry operating conditions and settings. 

Nominal duct flow rate (l/s) 24 
Initial mass (g) 5 
Surface area of the cup (cm²) 21.65 
Start and End of test criterion ISO 5660-1:2002 
Duct diameter (m) 0.114 
Ambient temperature (°C) 25 
Barometric pressure (Pa) 97000 
Relative humidity (%) 50 
Heat flux (kW/m²) 0 
Sampling interval (s) 1 
Orientation Horizontal 
O2 delay time (s) 33 
CO2 delay time (s) 15 
CO delay time (s) 15 

2.2 Interaction of water mist with a Bunsen burner flame 
To investigate the effectiveness of a water mist fire suppression system 
(WMFSS) in extinguishing LiB fires, the suppression system was 
initially tested using a propane gas Bunsen burner flame. Although the 
Bunsen burner presents premix combustion and a LiB shows non-premix 
combustion, the interactions of water mist droplets with flames are 
considered similar without the complexity of all the combustion 
processes of a LiB. The effects of different flame lengths and distances 
from the water mist nozzle to the burner tip on suppression time were 
examined. The flame length is measured using an image processing 
technique based on the intensity of flame similar to that presented by 
Zheng et al.(Zheng et al. 2011). Water was supplied to the nozzles at a 
pressure of 3.1 bar, generating droplet sizes in the range of 50-100 μm, 
according to Spray System Company manufacturer specifications. Two 
nozzles were used, each configured in a different orientation. The first 
nozzle was a conventional vertically-orientated brass single-hole hollow-
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cone nozzle with the orifice diameter of 1 mm and orifice length of 
5 mm, and flow rate 0.05 l/min, as shown in Fig. 4. 
 

 
Fig. 4 Illustration of the vertically-orientated water mist apparatus for the 
small-scale fire test on a Bunsen burner flame; the single-hole hollow-
cone conical spray pattern is shown on the left. 
 

The second nozzle was a stainless steel flat-fan nozzle with an 
equivalent orifice diameter of 0.66 mm, and a flow rate of 0.52 l/min 
producing a spray angle of 110 degrees, oriented horizontally as shown 
in Fig. 5. The rationale behind the horizontal application of water mist is 
that it is applied directly to the combustion zone at the base of the flame 
rather than having to overcome the fire plume momentum. Although this 
strategy has been investigated computationally for various flame 
configurations (typical diffusion flame, stem of a rising fireball, and 
spread of flame front) (Karpov et al. 2004; Novozhilov 2003; Prasad, Li, 
and Kailasanath 1998a; Prasad, Li, and Kailasanath 1998b), to the best 
of the authors’ knowledge, it has not been investigated for jet flame 
venting, as experienced in LiB fires. Similarly, a review of recent 
literature revealed no results on experimental work examining horizontal 
water mist effects on flame jet venting. Note that the efficacy of the two 
WMFSS nozzle orientations cannot be directly compared due to the 
different flow rates and spray dynamics; this comparison is for future 
works. 

 
Fig. 5 A schematic of the horizontally-orientated flat fan water mist 
nozzle. 

2.3 LiB Fire suppression using a horizontal WMFSS 
Having gained an understanding of the fire suppression mechanisms 
from the Bunsen burner experiments, the horizontal water mist nozzle 
was used to examine the extinguishment of replica LiB fires. The flat 
sheet of water mist droplets was injected perpendicularly to the battery, 
in the orientation as shown in Fig. 5. Propane gas burners are frequently 
employed by researchers to generate heat to initiate thermal runaway 
(Ruiz et al. 2018; Feng et al. 2018). Thus, the replica battery was heated 
by a propane gas burner placed 150 mm below the replica cell, see Fig. 6. 
Heating of the battery leads to exothermic reactions, evaporation of 
electrolyte and pressure increase inside the cell which eventually bursts 
the pressure relief vent built into the cap of 18650 cells. To mitigate the 
risks associated with LiB fires and the spread of toxic materials, the tests 
were conducted under a fume hood, inside an enclosure to allow 
controlled airflow. The enclosure dimensions are 3 m ⨉ 3 m (floor 
area) ⨉ 3.1 m (height). There are 1.1 m air gaps below each wall to allow 

airflow into the enclosure. Two LED lights are located at corners of the 
hood, illuminating the specimen from two sides. A camera with 11 mm 
CMOS sensor is also employed with a capture rate of 240 frames per 
second and resolution of 1080 p (1920 ⨉ 1080). The camera was placed 
in front of the specimen to record the events.  
 

 
Fig. 6 The experimental apparatus developed for the WMFSS tests. The 
image shows the set-up of the horizontal water mist nozzle toward the 
battery and propane gas burner used to heat the replica battery. 
 

The fan nozzle was placed at different horizontal and vertical 
distances from the top of the battery. The configuration of the nozzle 
towards the battery and the propane burner can be seen in Fig. 6. The 
water mist was activated manually at the onset of fire after venting of the 
electrolyte. 

3. RESULTS 

3.1 Thermal analysis of electrolyte 
The combustion properties of the electrolyte were determined using a 
cone calorimeter. Tests were conducted in triplicate to ensure the 
repeatability of the measurements. The measured HRR of the electrolyte 
is shown in Fig. 7. The units of HRR have been converted from kW/m2 
to kW, for the comparisons to be made between the experimental and 
future numerical modelling of battery electrolyte emissions and fire. As 
can be seen from Fig. 7, it takes approximately 200 seconds to burn 
5 grams of electrolyte which is similar to the value reported by Ribiere 
et al. (Ribière et al. 2012) for a LiB with 0% state of charge. The HRR 
increased sharply during the first 20 seconds, with an averaged maximum 
of 0.54 kW at approximately 50 seconds after the onset of combustion. 
The non-uniform HRR profile is due to the different combustion 
properties of the two electrolyte solvents (discussed in section 2.1); the 
major contribution to the first peak is the DEC while for the second peak 
it is the EC. This is consistent with experiments conducted by Eshetu et 
al. (Eshetu et al. 2014). 

 
Fig. 7 Heat release rate (kW) of the electrolyte (1.0 M LiPF6 in 
EC/DEC=50/50 v/v) measured using a cone calorimeter 5 grams of 
electrolyte was poured into a cup and was ignited using a torch. 
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The average total heat released (THR) and average effective heat of 
combustion (EHoC) of the electrolyte are 74.2 (kJ) and 15.6 (kJ/g) 
respectively, shown in Table 2. THR is calculated as the area under the 
HRR curve in Fig. 7. The EHoC is obtained by dividing the total heat 
released by the total mass loss (Babrauskas and Peacock 1992), also 
presented in Table 2. The residual mass, predominantly LiPF6, is 0.2 g. 

 
Table 2. Thermal properties of electrolyte revealed by the cone 
calorimeter.  

 Total Mass 
Loss (g) 

Total Heat 
Released (kJ) 

Average Effective Heat 
of Combustion (kJ/g) 

Test 1 4.8±0.1 71.4±0.1 15.0±0.2 
Test 2 4.7±0.1 77.1±0.1 16.2±0.2 
Test 3 4.8±0.1 74.1±0.1 15.6±0.2 

Average 4.8±0.2 74.2±0.2 15.6±0.2 
 
The average effective heat of combustion of electrolyte (1.0 M 

LiPF6 in EC/DEC=50/50 v/v) is measured as 15.6 kJ/g which is in good 
agreement with the calculated value of 16.6 kJ/g based on the effective 
heat of combustion of EC and DEC measured by Guo et.al (Guo et al. 
2019) as 12.15 and 21.06 kJ/g, respectively. 

3.2 Bunsen burner flame extinguishment using vertical and 
horizontal water mist 

The effectiveness of a conventional (vertical) water mist system (Fig. 4) 
in suppressing Bunsen burner flames was investigated by varying the 
flame length and distance between the water mist nozzle and Bunsen 
burner tip. The different flame lengths are produced by varying the 
air/propane gas mixture. 

It was observed for all experiments, that a short time after the 
activation of the WMFSS (once a full mist spray had been established), 
a flame lift-off zone (the distance between the Bunsen burner tip and the 
base of the flame) developed. This phenomenon is most likely the result 
of entrainment of water mist into the combustion zone at the base of the 
flame, cooling and diluting the propane/air mixture. The extinguishing 
results of these Bunsen burner tests are presented in Table 3 and indicate 
that shorter flame lengths or shorter vertical distances between the burner 
and nozzle produced faster extinguishing times. The shorter 80 mm 
flames burn closer to the ideal stoichiometric fuel/air ratio; there is less 
excess fuel. Also, geometries with the water mist in closer proximity to 
the fuel source result in higher water flux reaching the fuel source. 
Conversely, as the vertical distance or flame length increased, 
extinguishment time became longer. Longer flames produced by the 
Bunsen burner have a higher fuel mass flow rate which requires larger 
quantities of water to absorb the heat. 

 
Table 3. Effect of Bunsen burner flame lengths and distances between 
the nozzle and burner tip on the extinguishment time for the conventional 
vertical WMFSS. The flame lengths are measured using image post-
processing. NA indicates that extinguishment is Not Achieved. 

Vertical 
Distance 
(mm) 

Extinguishment Time (s) 
Flame Length 
= 80 (mm) 

Flame Length 
= 140 (mm) 

Flame Length 
= 200 (mm) 

160 1±1 1±1 33±1 
190 1±1 1±1 50±1 
220 1±1 6±1 98±1 
250 1±1 23±1 105±1 
280 1±1 78±1 129±1 
310 1±1 NA NA 
340 1±1 NA NA 
370 2±1 NA NA 
400 3±1 NA NA 

 

Additionally, it was observed that the water mist interaction with 
longer flames produced erratic behavior where the flame diminished in 
size and morphed into unusual geometries above the lift-off zone, 
virtually extinguishing, then would restabilize, as water was entrained 
into the combustion at fluctuating rates as a reaction to the flame 
behavior. This phenomenon may be partially due to the fire enclosure 
and will not be explored further here: rather it is the lift-off zone behavior 
that is of further interest. 

For the horizontal water mist application, extinguishment of Bunsen 
burner flames for the flame lengths used in Table 3 was repeated. This 
time the fan nozzle distance from the Bunsen burner was adjusted 
vertically and horizontally (refer to Fig. 5). Again, the lift-off zone 
increased after the activation of the water mist, as a result of water 
droplets within the combustion zone, and this distance varied depending 
on the flame length. Rapid flame extinguishment occurred at 
approximately 1-3 seconds (i.e. immediately after the water mist reached 
the burner) with flame lengths of 80 mm and 140 mm (producing flame 
lift-off zones smaller than 5 mm) for vertical and horizontal distances up 
to 50 mm and 400 mm, respectively. However, the fire extinguishment 
for a flame length of 200 mm, producing a flame lift-off zone of 20 mm, 
depended on both the horizontal and vertical distances, these are 
presented in Table 4 and Fig. 8. 
 
Table 4. Fire extinguishment time (s) using the horizontal WMFSS at 
different nozzle vertical and horizontal distances (mm) from the top of 
the burner with the flame length of 200 mm. NA indicates that 
extinguishment is Not Achieved. 

Vertical 
Distance 
(mm) 

Horizontal Distance (mm) ±2 

50 100 150 200 250 300 350 400 

10 1±1 1±1 1±1 2±1 2±1 2±1 NA NA 
20 1±1 1±1 1±1 2±1 2±1 NA NA NA 
30 NA NA NA 2±1 2±1 2±1 3±1 3±1 
40 NA NA NA NA 2±1 2±1 3±1 3±1 
50 NA NA NA NA NA NA NA 3±1 
60 NA NA NA NA NA NA NA NA 

 

 
Fig. 8 Results from Table 4 for the Bunsen burner flame length of 200 
mm, are superimposed over the horizontal water mist geometry to 
visualize the extinguishment zones. The image depicts the nozzle at a 
horizontal distance of 400 mm and a vertical distance of 100 mm from 
the Bunsen burner. 
 

At vertical distances greater than 20 mm and horizontal distances of 
150 mm or less (the green area), the water mist was unable to extinguish 
the flames. At these vertical distances, the main water mist sheet passes 

Nozzle 

Bunsen burner 
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through the flame, cooling the flame rather than passing through the 
flame lift-off zone and cooling/diluting the gas mixture. 

At vertical distances 30 and 40 mm and horizontal distances 200 
mm and greater (the red area), the mist droplets produce extinguishment. 
At these vertical and horizontal distances, the mist sheet curves 
downward into the flame lift-off zone, producing gas cooling and dilution 
at the base of the flame resulting in suppression. As the vertical distance 
is increased, the mist droplets no longer pass through the lift-off zone. It 
can be concluded that the horizontal WMFSS could suppress the Bunsen 
burner flame if the water mist passes through the lift-off zone. 

3.3 LiB fire extinguishment using the horizontal WMFSS 
The horizontal mist spray was applied to fires produced by single replica 
LiBs. The replica batteries were heated from below with a propane flame, 
inducing electrolyte venting. When ignition occurred, the water mist 
system was activated. Fig. 9 shows an example of the various stages of a 
replica LiB fire and interaction with the horizontal WMFSS located at 
70 mm vertical and 400 mm horizontal from the top of the LiB. The short 
flame lift-off zone observed in Fig. 9c) extends on the activation of water 
mist and appears to reach approximately 65 mm in Fig. 9e) before 
extinguishment. It should be noted that, for an unsuppressed LiB fire, 
toward the end of the battery venting process, the speed of the outgoing 
gases decreases and combustion changes from a jet fire to a diffusion 
flame and the flames emanate from the top of the battery without a flame 
lift-off zone. 
 

 
Fig. 9 Images show the evolution of the replica battery fire 
extinguishment exposed to horizontal water mist positioned at 70 mm 
and 400 mm vertical and horizontal distances respectively. a) the 
flammable gas (electrolyte vapor) venting; b) onset of fire; c) fire 
development; d) activation of the WMFSS; e) interaction of the water 
mist and fire; and f) fire extinguishment.  
 

The effect of varying the vertical and horizontal distances between 
the water mist nozzle and the top of the replica LiB are presented in Table 
5 and Fig. 10. The results show that immediate flame suppression on 
activation is achieved for vertical distances less than 70 mm. The vertical 
distance appears to be the critical factor in this technique, while there is 
no change in extinguishing behavior up to the maximum tested horizontal 
length of 400 mm. The mechanism associated with fire extinguishment 
appears to be similar to the Bunsen burner flame extinguishment, water 
mist droplets moving into the combustion zone. At vertical distances of 
80 mm and above, the majority of the water droplets have passed through 
the flame rather than the lift-off zone at the base of the flame and 
extinguishment did not occur. The successful extinguishments at 70 mm 
vertical distance and greater than 100 mm horizontal distance (just above 
the lift-off zone) will be due to the effects of gravity; the droplets falling 
from the horizontal axis into the lift-off zone. The non-extinguishment at 
70 mm vertical and 100 mm horizontal distance is likely to be due to the 
momentum of the water mist droplets being too large to allow 
entrainment into the combustion zone at the base of the flame so that the 
cooling and gas dilution did not occur. 

 

Table 5. Fire extinguishment time (s) using the horizontal WMFSS at 
different nozzle vertical and horizontal distances from the top of the 
replica LiB. NA indicates that extinguishment is Not Achieved. 

Vertical 
Distance (mm) 

Horizontal Distance (mm) ±2 
100 200 300 400 

10 1±1 1±1 2±1 2.5±1 
20 1±1 1±1 2±1 2.5±1 
30 1±1 1±1 2±1 2.5±1 
40 1±1 1±1 2±1 2.5±1 
50 1.5±1 1.5±1 2.5±1 3±1 
60 2±1 2±1 3±1 3.5±1 
70 NA 2.5±1 4±1 5±1 
80 NA NA NA NA 
90 NA NA NA NA 
100 NA NA NA NA 

 
Fig. 10 The nozzle-to-flame configurations producing effective 
suppression by the horizontal WMFSS for different nozzle vertical and 
horizontal distances from the top of the replica LiB. 
 

It is worth noting that the two WMFSS (vertical and horizontal) 
examined are quite different in terms of nozzle type and flow rate, due to 
the reasons explained previously, thus it makes a direct comparison on 
the efficacy of the systems difficult. The investigation into the efficacy 
of vertical and horizontal WMFSS with the same flow rates is the subject 
of future research. However, the dominant mechanisms involved in both 
systems of water mist suppression of Bunsen burner and replica LiB fires 
are thought to be: 

1. Cooling; reducing the heat feedback from the flame to the gas 
mixture exiting the Bunsen burner and replica LiB to a level 
below that required for the flame to be sustained; 

2. Dilution of the gas preheat zone primarily by water vapor. This 
mechanism has the potential of reducing the gas concentration 
below its Lower Flammability Limit.  

Water mist can also provide cooling to the battery after the 
electrolyte combustion has been extinguished, potentially providing 
control of thermal runaway and reducing the likelihood of cascading heat 
transfer to adjoining cells. 

In summary, it can be seen that water mist can extinguish a LiB fire 
by passing through the lift-off zone. For a real LiB, if the battery surface 
is not sufficiently cooled at the end of water mist application, the internal 
reactions of the cell will not be interrupted and the LiB is likely to reignite 
or even cause the thermal runaway of the adjacent battery. Spraying 
water mist directly on the surface of the cell can effectively cool the cell 
and inhibit the internal reactions (Wang et al. 2019). Thus, there is a 
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nozzle position that allows the droplets to pass through the lift-off zone 
and maintain a large contact area with the surface of the cell (through 
droplets falling from the horizontal axis due to gravity), which provides 
the best extinguishing and cooling effect. This is of practical significance 
for real LiB fires and determining the optimum position will be addressed 
in future studies. 

4. CONCLUSIONS 
Lithium-ion batteries pose significant fire risks and the development of 
fire extinguishment systems for LiBs has not been sufficiently 
established to provide a satisfactory level of security in the event of a 
fire. This paper highlights that water mist may be an effective method of 
extinguishment of LiB fires.  

A water mist fire suppression technique has been introduced to 
suppress LiB fires. In this technique, water droplets are produced by a 
fan nozzle and sprayed horizontally toward the flames of a replica 18560 
LiB. The water droplets are entrained into the gas mixture at the base of 
the flames, cooling the gas and depleting the oxygen concentration. This 
horizontal water mist fire suppression technique has been tested at 
different vertical and horizontal distances to highlight the mechanisms 
associated with water droplets interacting with fires. The results show 
fires are suppressed rapidly on activation of the WMFSS for geometries 
that enable the water mist direct access to the lift-off zone, between the 
gas source and base of the flame. Further investigation of water mist to 
provide cooling for the control of thermal runaway reactions and 
cascading heat transfer to adjacent LiBs is recommended. Additionally, 
having characterized the thermal behavior of the electrolyte, this 
information can be used to validate numerical simulations of LiB fire and 
suppression. 
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