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Abstract: Fire accidents in electric vehicles are mainly caused by battery fires, and one of the most
effective fire suppression methods is to spray water from the bottom of a vehicle in an upward
direction. In this study, analyses and experiments were conducted to improve the spray angle of
a fluidic oscillator used for attaching an upward spray device. Through these analyses, the factors
resulting in the maximum spray angle were derived from the four design variables of the fluidic
oscillator, which were reconstructed for further analysis. The model that combined the radius of
the mixing chamber curvature, inlet wedge width, and outlet wedge width exhibited the largest
spray angle (84°) among the combination models that included the outlet wedge width variable. To
evaluate the fire suppression performance of the fluidic oscillator nozzle, a cooling-rate comparison
experiment was conducted with a recently used orifice nozzle. The results showed that the fluidic
oscillator nozzle leads to a faster overall cooling rate than the orifice nozzle, rendering it more
suitable for suppressing battery fires. After the production of the upward spray device, practical tests
showed that it could spray a large area under a vehicle, thereby suggesting its applicability in actual
fire scenes.

Keywords: electric vehicle; battery; thermal runaway; suppression; upward spray device; fluidic
oscillator; spray angle

1. Introduction

In recent years, the automotive industry has begun to transition from internal com-
bustion engine vehicles to electric vehicles, owing to growing environmental regulations
aimed at slowing climate change [1-3]. Electric vehicles use secondary battery for energy
storage, with lithium-ion batteries (LIBs) having the highest energy densities among the
available secondary batteries [4-7]. Electric vehicles equipped with LIBs tend to have
shorter mileages than conventional internal combustion engine vehicles, and battery manu-
facturers are conducting several studies to further increase the energy densities of these
batteries [8,9]. In addition, LIBs are sensitive to external shock and heat, leading to dam-
age to the internal separator, such as upon heating at temperatures of 130-150 °C. If the
separator is damaged, a localized short circuit between the cathode and anode occurs,
causing flammable electrolytes to leak out, and leading to ignition and explosion [9-11].
During a fire, the electrolyte inside the battery vaporizes, producing flammable gases
such as Hy, CHy, CoHg, and CoHy. These flammable gases cause the fire temperature to
increase abnormally, leading to thermal runaway in the battery [9,11-15]. Electric vehi-
cle fires mainly originate from battery fires, and despite worldwide research efforts into
electric vehicle fire risk assessments and battery fire mechanisms, investigations into fire
suppression are limited [16]. Current methods employed to suppress electric vehicle fires
involve suffocation with a cover and spraying directly with water. After suppressing the
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primary fire, the electric vehicle is immersed in a fire-suppressing tank to prevent reignition
and the generation of a secondary fire. However, owing to the fire characteristics of LIBs,
suffocating covers are not effective in suppressing the fire, and can only prevent the fire
from spreading to the surrounding area. Jeon et al. conducted a fire dynamics simulation
to compare fire progression in electric vehicles and internal combustion electric vehicles.
The internal combustion electric vehicles did not reach critical risk levels within 600 s,
whereas electric vehicles attained critical levels for visibility, temperature, and oxygen
concentration at approximately 130, 300, and 500 s, respectively [17]. Ko et al. conducted
large-scale fire suppression experiments in underground parking lots, demonstrating that
combining upper sprinklers with lower water spray systems reduced thermal runaway in
electric vehicle battery packs by approximately 50%. These findings indicate that enhancing
existing fire suppression systems can significantly improve their response to electric vehicle
fires [18]. According to a study on the response to electric vehicle battery fires in Korea, the
most effective method was to spray water from the bottom to the top of the vehicle, leading
to improved fire suppression and reduced thermal damage [19]. Galushkin et al. examined
the potential for thermal runaway in batteries as a function of their age and outlined the
mechanisms behind battery thermal runaway, highlighting the increased risk in older bat-
teries [20]. Additionally, Kim et al. provided a comprehensive review of electric vehicle fire
experiments conducted in Korean fire centers and the existing literature, emphasizing key
findings that can inform future safety measures [21]. Furthermore, Ha et al. investigated the
use of carbon fiber, fiberglass, and silica fiber fabrics in asphyxiation foam for extinguishing
electric vehicle fires, demonstrating that carbon fiber fabrics offered superior performance
in fire suppression [22]. Lim et al. evaluated various methods for suppressing electric
vehicle fires, concluding that certain techniques significantly outperformed others in effec-
tiveness [23]. Liu et al. proposed a water mist method for battery thermal management and
fire suppression, showing promising results in cooling performance and the prevention of
thermal runaway [24].

In this study, an upward spray device is evaluated which is based on the spraying
of water from the underside of a vehicle in the event of an electric vehicle fire, as shown
in Figure 1. For this purpose, a fluidic oscillator capable of spraying water over a wide
range is employed, and an internal geometry optimization study is conducted to apply the
fluidic oscillator. The fluidic oscillator possesses a symmetrical structure with feedback
channels on the left and right sides of the mixing chamber (Figure 2), which generates
regular oscillations in the atomized flow. Notably, the atomization characteristics of fluidic
oscillators are difficult to develop because they are strongly affected by small changes
in the internal geometry variables [25-27]. Therefore, in this study, the fluidic oscillator
is optimized for application in an upward spray device by means of various analytical
and experimental approaches. Traditional methods for extinguishing electric vehicle fires
involve preventing fire spread by spraying water from a distance or using a fire blanket.
However, this study focuses on direct cooling of batteries to enhance cooling speed and fire
suppression efficiency. Analytical and experimental techniques were used to optimize the
fluidic oscillator’s design, ensuring practicality in the limited space under the vehicle.

Figure 1. Concept design for fire suppression using an upward spray device.
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Figure 2. Operation principles of the fluidic oscillator.

2. Materials and Methods
2.1. Design Variables

To optimize the exit spray angle and oscillation period of the fluidic oscillator of
the upward spray device to suppress electric vehicle battery fires, the internal design
parameters were selected based on previous studies [25,26]. The nozzle height was set
to 70 mm to accommodate the minimum ground clearance of the vehicle (i.e., 100 mm).
The design variables (MR, IW, OR, and OW) are shown and defined in Figure 3, while the
dimensions of the design variables are listed in Table 1. The spray angle and oscillation
period were analyzed for a total of 24 models.

Variable Explanation
oW MR Radius of the mixing chamber curvature
= W Inlet wedge width
OR Radius of the outlet curvature
oW Outlet wedge width
IW,
(a) (b)

Figure 3. (a) Schematic representation of the design variables. (b) Definitions of the various de-
sign variables.
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Table 1. Dimensions of the design variables employed in the current model.

Model MR [mm]

IW [mm]

OR [mm]

OW [mm]

Base

20.7

MR-0.93

19.25

MR-0.97

20.00

MR-0.98

20.30

MR-1.01

21.00

MR-1.02

21.10

3.60

IW-0.88
IW-0.94
IW-1.06
Iw-1.11
IW-1.18
IW-1.24
IW-1.30
OR-0.98
OR-1.04
OR-1.08
OR-1.12
OW-0.89
OW-0.96
OW-1.04
OW-1.11
OW-1.16
OW-1.20
OW-1.24

20.70

3.15

3.38

3.80

4.00

4.25

4.46

4.68

5.11

4.50

3.60

5.00

5.30

5.50

5.70

5.11

4.00
4.30
4.70
5.00
522
5.40
5.58

2.2. Analytical Conditions and Calculation Grid

Flow analysis of the fluidic oscillator nozzle was performed using the commercial
analysis program Star-CCM+, and the SST k-Q) turbulence model was used for three-
dimensional transient flow analysis [28]. The mesh conditions are listed in Table 2. The
flow domain of the generated mesh is shown in Figure 4, and the number of elements
generated was ~80,000. The time step for the unsteady-state flow analysis was calculated
tobe2.5x107° s, considering the CFL number, the mesh size, and the fluid velocity.

Table 2. Mesh conditions.

Parameter Unit Value
Mesh type - Polyhedral
Base size mm 0.8
Number of prism layers - 5
Prism layer thickness mm 0.26
Prism layer stretching - 1.5
Minimum surface size mm 0.08
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Figure 4. Three-dimensional model of the fluidic oscillator for simulation purposes.

The fluid used for analysis was water with a density of 997 kg/m? and a viscosity of
0.000887 Pa-s. Considering the water pressure used in the upward spray device, the inlet
was set to a gauge pressure of 5.0 bar, and the outlet was set to atmospheric pressure.

3. Results and Discussion
3.1. Analytical Results

The upward spray device operating from the vehicle’s underside works within a
limited space of 100 mm (the minimum ground clearance regulation). To overcome this
restricted operating space, it is necessary to widen the spray angle of the fluidic oscillator
attached to the upward spray device. The spray angle determines the spray area and
cooling efficiency. Therefore, it is essential to identify the changes in the exit spray angle of
the fluidic oscillator based on internal design variables. The results of the flow analysis
for the various design variables are shown in Figures 5 and 6. More specifically, Figure 5
shows the measured spray angle for each design variable, while Figure 6 shows the velocity
field for the model with the maximum spray angle calculated for each design variable. For
the MR variable, the MR-0.97 model had the largest spray angle of 68°, beyond which the
spray angle decreased sharply, reaching 0° in the MR-1.02 model. It is believed that the
vortices generated simultaneously on the left and right walls inside the mixing chamber
blocked the entrance to the feedback channel, preventing vibrations from occurring. For
the IW variable, the IW-1.18 model gave the largest spray angle of 71°, while for the OR
variable, OR-1.08 exhibited the largest spray angle of 62°. Notably, the OR-0.98 model gave
a spray angle of 0° and did not generate oscillations for reasons similar to those described
for the MR-1.02 model. With the exception of the OR-0.98 model, the variation in the spray
angle was within 10°, indicating that the OR variable did not significantly affect the spray
angle. For the OW variable, the OW-1.16 model exhibited the largest spray angle of 63°.
Between the OW-0.89 and OW-1.16 model, the spray angle increased as the OW increased,
reaching its maximum value, and declining for subsequent OW models.
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Figure 5. Results of the fluid spray angle and frequency experiments for the (a) MR model, (b) IW

model, (¢) OR model, and (d) OW model.

Velocity: Magnitude (mis)
8 12

16

(b)

(d)

Figure 6. Results of the maximum spray angle for the (a) MR-0.97, (b) IW-1.18, (c) OR-1.08, and

(d) OW-1.16 models.

3.2. Analysis of Nozzle Optimization

The factors affecting the maximum spray angles were further analyzed by their re-
construction from the four design variables of the fluidic oscillator. The combinations
of these design variables are listed in Table 3. Eleven additional models were designed
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Fluid spraying angle [deg]

100

80

60

40

20

and analyzed, and the obtained results were used to explain the correlation between the
design variables.

Table 3. Model design variable combinations.

Combination MR [mm] IW [mm] OR [mm] OW [mm]
MR + IW 20.00 4.25 5.11 450
MR + OR 20.00 3.60 5.50 4.50
MR + OW 20.00 3.60 5.11 5.22
IW + OR 20.70 4.25 5.50 450
W+ OW 20.70 4.25 5.11 5.22
OR + OW 20.70 3.60 5.50 522

MR + IW + OR 20.00 425 5.50 4.50
MR + IW + OW 20.00 4.25 5.11 5.22
IW + OR + OW 20.70 4.25 5.50 5.22
MR + OR + OW 20.00 3.60 5.50 522
MR + IW + OR + OW 20.00 4.25 5.50 522

The results of the combined model analysis are shown in Figure 7, while Figure 8 shows
the spray angle results obtained for the three models that exhibited the best spray angles
among the combined model analysis results (i.e., MR + OW, IW + OW, and MR + IW + OW).
The MR + IW + OW model exhibited the highest spray angle of 84°, followed by the
MR + OW and IW + OW models at 80.5 and 79°, respectively. To determine the correlation
between different design variable combinations, the obtained results were analyzed by
scoring on a scale of 1-5 based on the spray angle range, as shown in Figure 7b. The sum of
the scores in the vertical rows shows that OW scored the highest, with a total score of 28.
The MR and IW variables scored second highest at 22 in both cases, while the OR variable
scored lowest at 16. It was also found that the OW design variable improved the spray
angle to the greatest extent when combined with the MR and IW design variables, while
the MR and IW design variables did not improve the spray angle when not combined with
the OW design variable. In addition, the OR design variable scored lowest when combined
with the MR, IW, and OW design variables. The OR variable also reduced the spray angle
when combined with the MR + OW, IW + OW, and MR + IW + OW models, which yielded
the highest spray angles. These results indicate that the OR design variable reduced the
effectiveness of the spray angle improvement.

Base

MR+IW

MR+OR

MR+OW

MR | IW | OR |OW || Score | Spray angle | Mean
MR -2 1/|5 5 75 ~ Excellent
'] 2|-|1]|5 4 70 ~ 75 Good
OR 1 (1] -1 3 65 ~ 70 Average
ow 5|8]1 - 2 60 ~ 65 Not Bad
MR+IW - - 1 5 1 0~ 60 Bad
MR+OR 1| -4
MR+0W - |5 |4]|-
IW+0R 1| -]-14
1W+0W 5 4 | -
OR+0W 4 | 4| - | -
g 2z £ z 3 z 3 MR+IW+OR | - | - | - | 4
é%g%égég MR+IW+0W | - -4 -
£ % % é é MR+OR+OW | - | 4 | - -
z IW+OR+0W | 4 | - - | -
Combination = Total Score | 22 | 22 | 16 | 28

() (b)

Figure 7. (a,b) Simulation results according to the different variable combinations, and the spray
angle results.
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Velocity: Magnitude (m/s)
8 12

Pressure
gauge

Figure 8. Spray angle results according to the different variable combinations: (a) MR + OW,
(b) IW + OW, and (c¢) MR + IW + OW.

3.3. Nozzle Spray Experiments

The design of the fluidic oscillator was based on an in-house research patent [29]. A
regulation requires a minimum ground clearance of 100 mm for the vehicle underbody.
Given that commercial vehicles typically have a ground clearance of 170-180 mm, the
oscillator’s height was limited to 70 mm. For manufacturing, precision machining was
performed by an external institution using a five-axis computer-numerical-control process.
To ensure the reliability of the analysis, a schematic diagram of the experiment was drawn,
as shown in Figure 9a, and a fluidic oscillator experimental apparatus was constructed,
as presented in Figure 9b. The pump employed in this experiment discharged water
at a pressure of up to 3 bar, as measured using a manometer. Thus, two pumps were
connected in series to ensure a stable supply, and the water pressure was regulated using
a pressure-regulating valve. To compare the experimental and analytical conditions, the
water pressure and mass flow rate were set at ~5 bar and ~0.5 kg/s, respectively.

Pressure control
valve

—Psd-

Water Tank

A

Fluidic oscillator

N

Water Pump

(a) (b)

Figure 9. The fluidic oscillator nozzle experiment rig: (a) schematic representation, and (b) photo-
graphic image.

The experimental results obtained for the spray angle experiments are shown in Figure 10
for the base model, the MR + OW model, the IW + OW model, and the MR + IW + OW model.
The spray angle measurement was based on the center of the sprayed fluid close to the
outlet, considering the shooting time and side-to-side movement of the fluid. Consequently,
the spray angle was measured to be 53° for the base model, 76° for the MR + OW model,
77° for the IW + OW model, and 82° for the MR + IW + OW model.
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Figure 10. Experiment results for the fluid spray angle. (a) The base model, (b) the MR + OW model,
(c) the IW + OW model, and the (d) MR + IW + OW model.

Table 4 and Figure 11 present a comparison of the simulated and experimental spray
angle results, wherein it can be seen that the experimental values were lower than the
simulated values. The errors calculated between the simulated and experimental results
were 7.02% for the base model, 5.59% for the MR + OW model, 2.53% for the IW + OW
model, and 2.38% for the MR + IW + OW model, thereby confirming the reliability of the
simulated results. In addition, both the simulated and experimental results showed that
the MR + IW + OW model gave the largest spray angle, indicating that it is suitable for use
as a fluidic oscillator model in upward spray devices.

Table 4. Comparison of the experimental and simulated results.

Model Simulation [°] Experimental [°] Error [%]
Base 57 53 7.02
MR + OW 80.5 76 5.59
IW + OW 79 77 2.53
MR +IW + OW 84 82 2.38
H Simulation Experiment
90
80
=3 70
3
E’ 60
oo
& 50
2
’% 40
5
230
B
o 20
10
0
Base MR+OW IW+0wW MR+IW+0OW
Model

Figure 11. Comparison of the experimental and simulated spray angle results.
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3.4. Fluidic Oscillator Cooling Performance

The upward spray device for suppressing electric vehicle battery fires, introduced in
the press release by the National Fire Agency, is of the orifice nozzle (ON) type, which
utilizes holes drilled into a pipe [17]. A cooling performance experiment was conducted to
compare the fire suppression performances of orifice and fluidic oscillator nozzles (FONs).
The ON manufacturing method involved creating a hole in a square pipe with an area
equal to that of the FON outlet. Experiments were conducted by supplying the same
flow rate. Figure 12a shows the heating plate of the experimental device, to which three
283 W heating rods are attached. Temperature measurements of the heating plate were
performed by attaching eight temperature sensors, as shown in the figure. The heating
plate was cooled by spraying water from the bottom, and insulation was employed to
prevent heat loss from the top. The models shown in Figure 12b,c were designed to compare
the performances of the FON- and ON-type spray devices with equal outlet areas. All
experiments were performed with a fluid spray pressure of 4 bar, and the performance
evaluation was conducted five times for each spray method.

()

Figure 12. The nozzle cooling performance test device: (a) heating plate, (b) FON cooling model, and
(c) ON cooling model.

In this study, a K-type temperature sensor was used for temperature monitoring. The
sensor was connected to a Yokogawa data logger DS600 to collect real-time temperature
data. Prior to the experiments, the temperature sensor was calibrated by comparing it with
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a reference thermometer. The calibration procedure involved measuring sensor values
over a range of temperatures and comparing them with a standard instrument. The
temperature measurement method for the experiments involved conducting five trials
under the same conditions and averaging the three data points, excluding the highest and
lowest temperatures, to derive the results.

Figure 13 shows the average temperatures recorded at positions 2, 3, 6, and 7 for the
FON and ON systems to compare their cooling performances at the center of the heating
plate. The time required to reach 100 °C and the change in temperature over time (dT/dt)
were compared. It was found that for the FON spray method, a temperature of 100 °C was
reached after 33.25 s, while a significantly longer time of 89.75 s was required using the ON
spray method. Similarly, upon comparing the dT/dt values for reaching a temperature of
100 °C, cooling rates of —9.77 and —3.62 °C/s were obtained for the FON and ON system:s,
respectively. These differences can be accounted for by considering that the FON sprays
fluid to the left and right, resulting in the injected water droplets hitting the bottom of the
heating plate, and generating a stagnation point. This resulted in a high initial cooling
rate due to the large heat transfer coefficient. In contrast, for the ON system, water is
continuously injected into the same location and a fluid film is formed under the heating
plate to prevent the fluid from directly contacting the heating plate; therefore, the heat
transfer coefficient may be lower than that achieved using the FON spray.

—FON ----ON FO{FONat100°C FAJON at100°C

500
FON 100 °C ON 100 °C
400 33.25 sec 89.75 sec
I l
o I I
‘S 300 I I
s | 1
= I |
P \J |
£ 200 2 l
@ I I
= I |
| - |
100 o
: R
I I
0 I 1
0 50 100 150 200

Time[s]
Figure 13. Average temperature changes on the heating plate.

3.5. Development of an Upward Spray Device

A three-dimensional (3D) model of an upward spray device was subsequently de-
signed for use in fire suppression, as outlined in Figure 14a. For this purpose, a 70 x 70 mm
angular pipe was employed, and a fluidic oscillator for the side branch was designed
by tilting it 25° to widen the spray range. Calculations indicated that by equipping the
upward spray device with MR + IW + OW nozzles, tilted at an angle of 25°, water could
be effectively sprayed over an area of approximately 830 mm (width) x 500 mm (length)
under a vehicle with a minimum ground clearance of 170 mm. A ball valve and a one-touch
connector were applied at the inlet to allow the rapid and facile installation of the fire
nozzle. The total length of the upward spray device, which was designed to be mounted in
the loading box of the fire truck, was 740 mm. Figure 14b shows a photographic image of
the manufactured upward spray device, wherein the connecting parts of the pipes were
welded to prevent leakage.
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@

Figure 14. Upward spray device to suppress electric vehicle battery fires: (a) 3D model and (b) manu-
factured device.

A performance test was subsequently conducted on actual vehicles using the upward
spray device. More specifically, the hose of the fire hydrant was connected to the upward
spray device using a one-touch connector; this was typically achieved within 20 s. Photo-
graphic images recorded outside and under the vehicle during the spray experiment are
shown in Figure 15. It can be seen that the wide spray angle of the FON system allowed
water to be sprayed over most of the vehicle width. In the event of an actual vehicle battery
fire, it would therefore be expected that this system would suppress the fire by preventing
its spread and continuously cooling the fire area.

PR

Figure 15. Performance evaluation of the upward spray device. (a) Rear view of the spray from
outside the vehicle, (b) side view of the spray from outside the vehicle, and (c) rear view of the spray
from under the vehicle.
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4. Conclusions

In this study, various design parameters were analyzed to optimize the spray per-
formance of a fluidic oscillator for an upward spray device aimed at suppressing electric
vehicle battery fires. The outlet wedge width (OW) was found to be the most effective
variable in enhancing the spray angle, with maximum spray angles calculated for each
design variable. The MR + IW + OW model (mixing chamber radius and inlet wedge
width) achieved the largest spray angle. An experiment revealed that the fluidic oscillator
nozzle (FON) had a cooling rate 2.7 times greater than that of the orifice nozzle (ON) when
cooling from 425 °C to 100 °C, attributed to its ability to generate a stagnation point over
a wide area, thus improving the heat transfer coefficient. The practical application of the
fluidic oscillator with a fire truck demonstrated effective water dispersion over a large area
beneath the vehicle, indicating potential for real-world fire scenarios.

This study investigated the practicality of an upward spray device using a fluidic
oscillator nozzle, setting the device height at 70 mm. Future research will be needed to
further develop the device to reduce its height. The upward spray device developed in
this study features a long metal handle for insertion under a vehicle. Studies and media
reports indicate that flammable gases from electric vehicle battery fires can cause secondary
damage, posing significant risks to firefighters. Future studies should focus on integrating
an autonomous driving system into the spray device, enabling it to approach the vehicle
underbody and extinguish fires automatically. This innovation is expected to reduce
firefighter risks and enhance fire-suppression efficiency, thereby improving the safety and
practicality of fire response systems for electric vehicle fires.
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