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Abstract

Water mist system is used widely in confined spaces, where fire protection and suppression efficiency is very important due
to limited water and no water damage. Pulsed water mist is a new type of fire extinguishing system that sprays and pauses in
cycle during the procedure of fire extinguishment. Focusing on the fire suppression performance of pause water mist system,
a series of experiments have been conducted to explore a more effective pause cycle way, fire suppression behavior, and the
temperature distribution in a confined space. The results can be found that the best fire extinguishing effect was achieved
with a pulse cycle alternating between an 8-s activation and an 8-s deactivation. With the increase in size of the vents, the
advantage of the pulse water mist system gradually diminishes. The smothering method is better than the cooling method.
The results of the study may provide a reliable reference for the practical application of pulsed water mist system.

Keywords Pulsed water mist system - Fire suppression behavior - Working press - The size of vent

1 Introduction

The water mist fire extinguishing system is a new type of
fire extinguishing system, which operates on the basis of
an automatic sprinkler system. Through certain atomization
methods, extremely small water particles are created and are
forced through the nozzles, allowing the user to effectively
control, suppress, and extinguish fire. With no environment-
related side effects, the water mist fire extinguishing sys-
tem extinguishes fires more quickly and with lower water
usage than more traditional systems. Additionally, the water
from this system causes minimal damage to objects in the
fires. This system is an ideal substitute for the traditional
halon-based fire extinguishers, and it is suitable for fires
in any domestic appliances, aircrafts, and so on. However,
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traditional fire extinguishing methods are not applicable in
such cases, which shows its practical significance [1-5].

Pulse water mist refers to a new type of water mist system
that employs a pulse jet method. The pulse jet alternates
between spraying and pausing. This method has a stronger
turbulent effect, which is conductive to the mixture of water
mist and smoke plume. As a result, the heat-absorption and
vaporization of the fog drop are enhanced, further lowering
the temperature of the smoke and fog, diluting combustible
air and oxygen, reducing the thermal feedback of the fuel,
and eliminating gasification or evaporation. This increases
the efficiency of the fire extinguishing effort and reduces the
demand for water [6, 7].

Fires include complicated phenomena such as chemi-
cal reactions, thermal conduction, and multiphase flow.
A large amount of research has been conducted in the
mechanism of water mist fire extinguishing in confined
spaces. Soonil et al. [8] established a model of water
mist and fire plume and researched the influence of the
droplet particle size, spray momentum, and water mist
flow on fire zones. Parra et al. [9, 10] investigated the
performance of water mist for premixed methane-air
flames in a confined space. In their study, they empha-
size that the fire front is suppressed by the water mist,
which slows its spread, and the smaller the fog mist, the
stronger its suppressing effect. Liu et al. [11] revealed
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that the intermittent activation and deactivation of the
nozzle of water mist can achieve a better fire extinguish-
ing effect than continuous spraying. They attribute this
finding to the cooling and suffocating effect of sprayed
mist. However, they did not quantify the effect on the fire
extinguishing effect of the water mist pressure and the
length of the interval of the intermittent activation and
deactivation of the nozzle. Liao et al. [12, 13] studied the
influence of the flow rate and droplet size on water mist
suppression of oil pool fires.

As a new method of fire extinguishing, the pulse
jet water mist system has not yet been widely adopted.
Despite the system’s demonstrated advantages in extin-
guishing fires, several aspects have yet to be examined
in detail: the main fire extinguishing mechanism, the
pulse jet cycle, the pause time, and its efficacy in limited
ventilation conditions. Many accidental fires involve fire
sources that consist of various oils whose combustible
properties vary. In this present study, experiments were
conducted to determine the performance of the pulse jet
water mist system in extinguish an oil pool set on fire in
a limited space. The main objective of this study is to
explore the fire extinguishing effects and mechanisms of
the pulse water mist system. The study will be helpful to
promote pulse jet water mist techniques and offer recom-
mendations for a new design of the water mist system
with enhanced fire extinguishing capabilities.

2 Experimental apparatus
2.1 Water mist

The confined space used in this study had dimensions of
1.5 mx 1.5 mXx 1.5 m. The shelf on which the oil plate
was supported was made of triangular steel 5 mm thick.
The plate of oil had dimensions of 1.5 mx 1.5 mx0.1 m
(length, width, height). Under the shelf, a drainage system
was installed on one side. One side of the confined space
was made of reinforced glass 5 mm thick, which allowed
the researchers during the experiments to observe the burn-
ing process and the circulation of the smoke in the con-
fined space. The other walls were made of cement gypsum
board for ease of installation and calibration of the meas-
uring equipment. On one side of the confined space, a
1.0 mx 0.5 m sized door was installed, on which an adjust-
able vent was fixed (maximum size of 45 cm X 45 cm). The
water mist nozzle as high as 1.4 m was placed in the central
part of the top. The whole setup is displayed in Fig. 1.

A single-phase flow water mist fire extinguishing sys-
tem was used in the experiment. The water mist system is
composed of a water mist nozzle, an air compressor, a pro-
portional pressure-reducing valve, a flow meter, pressure
gauge, and a control devise. Four storage tanks with 70 L
volume (height 1200 mm, diameter 280 mm, preset pressure
1.5 MPa) were used to store the water to be used by the water
mist fire extinguishing system. The working pressure of the
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Fig. 1 Schematic illustration of the enclosed space
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system was 0-3 MPa. The pulse control system used a multi-
stage digital double-tuning time-limited relay to control the
high-pressure solenoid valve, which was made of copper and
had a maximum pressure of 5 MPa.

2.2 Method

During the experiments, the working pressure was adjusted
through a proportional pressure-reducing valve regulat-
ing system. In the pipeline of the system, a flow meter is
installed for measuring the variation of the volume of the
pipeline during the experiments. A digital pressure-meas-
uring device was installed at the end of the pipeline, which
measured the pressure at the end of the nozzle. A circular
steel pan with a diameter of 150 mm and 100 mm depth was
employed to represent fire in a confined space. Sheathed
K-tape thermocouple, with an error margin of £0.5 °C, was
employed to measure the temperature in the tests, as shown
in Fig. 1. The thermocouple placed at the bottom served to
measure the surface temperature of the oil tank. The thermo-
couple with serial number 1 had another thermocouple on
top with a 15-cm interval. There were nine thermocouples
in total, with serial numbers 1# to 9#. A TOPPIE TP700
multi-channel recorder was used as a data collector. Experi-
ments parameters of water spray nozzle are given in Table 1.

During the initial stages of the experiment, the spread rate
of the diesel flame tended to be slow, and its flame shape,
heat release rate, and smoke generation fluctuated unpredict-
ably. As burning continued, the flame stabilized, and so did
its temperature. To ensure a quasi-steady flame, the diesel
tank was left to burn naturally for 60 s before it is extin-
guished by the activation of the water mist fire extinguisher
[14,15].

For droplets of 150 pm <d <325 pm, the heat transfer
coefficient can be simulated as

_06
T d

15 p0.5
H KP "R, @)
where P, and R, are the Prandtl and Reynolds coefficients,
respectively. K is the thermal conductivity.

According to Wighus’s model [16], the spray heat absorp-
tion ratio can be expressed in the form:

Table 1 Main parameters of water spray nozzle

Press (MPa) Nozzle flow (L/ Droplet size Spray cone
min) Dv0.99 (pm) angle (°)

1.0 1.01 300-325 60

1.5 1.16 250-275 60

2.0 1.33 200-225 60

25 1.50 150-175 60

SHAR = % )

fire
where Q. 1s the ratio of the heart absorbed by the spray
and Qy,. is the heat released by the fire. For the specific cal-
culation formula, please refer to Ref. [17, 18].
Formally, the governing equation for a confined space
can be given as

au . ) )
E = Qﬁre - Qwater - Qvent - Qwall 3
where U is the total energy, Q... is the ventilation heat loss
rate, and Q,,,;; is the boundary layer heat loss rate.

3 Results and discussions

3.1 The comparison of various fire extinguishing
methods

The pulse water mist fire extinguishing system with an alter-
nation of 8-s activation and 4-s deactivation was compared
with a continuous water mist fire extinguishing system. The
temperature variation curves of the continuous water mist
and pulse water mist fire extinguishing process are shown in
Fig. 2. When the temperature measured by T1 was signifi-
cantly higher than that of the other thermocouples during the
steady stage, the temperatures measured by TS to T9 were
almost equal to one another. When the continuous water
mist system was turned on, the temperature of T1 rapidly
declined. When the temperature measured by T1 was stable
at 45 °C, the corresponding droplet concentration reached
155 g/m?, so the flame was extinguished. This experimental
result can be summarized as follows: During the continu-
ous water mist fire extinguishing process, the temperature
variation curve dropped rapidly with the increase in water
droplets and then decreased more slowly due to the absence
of internal pressure. For example, the temperature of the
fire dropped from 594 to 350 °C within 31 s. It then took
148 s for the fire temperature to drop from 350 to 45 °C.
Correspondingly, as shown in Fig. 2b, the temperature main-
tained a high steady state during the pulse water mist fire
extinguishing process. After 78 s, the fire was smothered
at a high temperature. This indicates that the pulse water
mist system performs better than the continuous water mist
system. As given in Fig. 2¢, the oxygen concentrations dur-
ing the cycling period were reduced significantly. This is
because the suppressed fires recovered and were burned.

3.2 Mechanism of fire extinguishing and activation
timing of water mist fire extinguishing system

The different cycles of the pulse water mist fire extinguish-
ing processes are shown in Fig. 3. The fire is extinguished

@ Springer



258 Page4of11

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:258

600 7‘ L T Trrrrrrrr e T
500 [
400 |

300 [

Temperature ( °C)

200 |

100

Time (s)

(a)

24—

100

600 e
[ ——T1 ]
[ ——T2 ]
500 ——T3
[ —=—T4 ]
—~ [ —o—T5 1
o 400 4| T T6
N r ——T7 ]
£ , ——T8 ]
s 300 ——T19
2 ? ]
g r ]
o
= 200 s

vl e b b e b b b

0 25 50 75 100 125 150 175 200
Time (s)

(b)

20

The concentration (%)

—&— the continuous water mist
—O— the pulse water mist

60 80 100 120
Time (s)

(c)

Fig.2 The temperature variation curve of a the continuous water mist and b pulse water mist fire extinguishing process (T1-T9 represent the
nine thermocouples) and ¢ O, concentrations using the water mist system for fire suppression in a confined space

at a high temperature within 8 s of the mist water system’
activation. When the activation time exceeded 10 s, the tem-
perature variation tended to decrease in the temperature. The
longer the activation lasts, the more the pulse water mist
resembles the continuous water mist. Under such a condi-
tion, the temperature of the fire is relatively lower when it is
extinguished, which is named “cooling.” The time the pulse
water mist takes to extinguish a fire is the shortest when it
uses a pulse cycle with an alternation of 8-s activation time
and 4-s pause, indicating that this type of pulse water mist
is most effective in diluting the oxygen surrounding the fire.

3.3 Influence of pause interval upon fire
extinguishing process

In the experiments above, the activation time of the pulse

water mist nozzle was set at 8 s, and the pause time varied
from 4 to 20 s with an interval value of 4 s. There were five

@ Springer

experiments in total, aiming to investigate the influence of
pause time upon the effect of the pulse water mist on the fire.

The variation of the fire temperature curves with the pulse
water mist fire extinguishing process at different intervals
is shown in Fig. 4. As the diagram shows, as pausing time
increases, the duration of the pulse water mist fire extin-
guishing process tends to decrease first and then increase.
The most effective pulse water mist fire extinguishing system
is the one with an 8-s activation time and an 8-s pause time.
When the pause time is relatively shorter, the evaporation of
the water mist is limited due to the relatively lower indoor
temperature, although lasting spraying can lower the burn-
ing rate of the fire. Extremely short pause times make the
pulse water mist perform similarly to the continuous water
mist: It takes a relatively longer time to extinguish the fire,
and the extinguishing mechanism involved is cooling. As
pause time increases, the combustion of the fire strengthens,
which increases the indoor temperature and facilitates the
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Fig.4 Temperature curve of the water mist fire extinguishing process

evaporation of the water mist. As a result, this increased
pause time leads to a better fire extinguishing method, as
the time to extinguish the fire decreases. When the pause
time is 8 s, the temperature of the fire is maintained at a high
level, and it is extinguished at 503 °C. This type of process is
called “smothering.” An increase in the pause time allowed

Fig.5 Images of the flames
at different points during the
pauses of the pulse cycles

(a) Initial pause

the intensity of the fire to increase, which prolonged the
time required to extinguish the fire. When the pause time is
increased to 20 s, the fire continues to burn fiercely with no
sign of weakening. (Maximum burning time during experi-
ments is 600 s.) Therefore, 8-s activation and 8-s pause cycle
strategy was applied in this study. Figure 5 shows images of
the flames at different points during the pauses of the pulse
cycles. As the images show, the size of the flame quickly
returns to its stable state 8 s after the pause begins.

3.4 Influence of pressure on fire extinguishing
process

In order to study the effects of pressure on the pulse water
mist fire extinguishing process, different work pressure val-
ues were adopted in the experimental. The curve of the tem-
perature fluctuation of the pulse water mist fire extinguishing
process at different pressure levels is shown in Fig. 6. With
increasing droplet size and nozzle flow, the continuous water
mist fire extinguishing process plunges rapidly, whereas the
pulse water mist fire extinguishing time shows a concus-
sive trend; that is, the duration of the fire extinguishing pro-
cess decreases, increases, and then decreases again. This is
because the suppressed fires quickly recovered and became
lager enough. The temperature of the fire is relatively higher,

(b) 2-second pause (c¢) 4-second pause

(d) 6-second pause
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(e) 8-second pause



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:258

Page70f11 258

600 T
[ ——T1 ]
[ —0—T2 ]
500 ——T3 4
[ —R—T4 ]
—~ [ —O—TS:
O 400 - 4| T T6 -
~ [ —<>—T7:
£ [ —=—T8
S 300 [ ——T9 ]
g r ]
g [ ]
Q
= 200 1
100 | e R m g R e 1
o BBEE N I TR INA I NS I B
0 25 50 75 100 125 150 175 200
Time (s)
(a) System pressure 1 MPa
450
I —t—T] =---- T6 |
400 ——T2 ——T7 |
i ——T3 —=—T8 1
350 ¢ —=—T4 —>—T9 |
~ —o0—T5 1
O 300 i
_ J
[}
- -
5 250
= J
o)
8 200 4
g J
(0]
= 150 -
100 4
50 4
YV,
0 P O TP R A i s hor o aioao i
0 50 100 150 200 250 300 350 400

Time (s)

(c¢) System pressure 2 MPa

600 T T T T

——TI
——T2
——T3

Temperature (°C)

0 20 40 60 80 100 120 140
Time (s)

(b) System pressure 1.5 MPa

160 180 200 220

Temperature ( °C)

Time (s)

(d) System pressure 2.5 MPa

Fig.6 Temperature variation curve of pulse water mist fire extinguishing process at different pressure levels

which shows that the extinguishing mechanism involved
is smothering. When the pressure level is at 2.0 MPa or
2.5 MPa, the temperature of the fire is relatively lower.

3.5 Effect of ventilation of fire extinguishing
process

The experiments also investigated the influence of venti-
lation conditions on pulse water mist fire extinguishing
system. In the experiments, the sizes of the vents were
setto 15 cmX 15 cm, 25 cm X 25 cm, 35 cm X 35 cm, and
45 cm x45 cm. The average horizontal and perpendicular
distance between the vents and the fire was 0.75 m. The
temperature variation curves of the pulse water mist fire
extinguishing process under different ventilation conditions
are shown in Fig. 7. When ventilation is weak, the tempera-
ture of the fire and burning zones is relatively higher; as the
size of the vents increases, the temperature of the fire and

burning zone decreases. This decrease is because relatively
smaller vents allow less smoke to leave and less fresh air to
enter. The effect on the temperature of the burning zone and
the confined space is not significant, and the pulse water
mist can still maintain a relatively higher evaporation rate,
making effective smothering of the fire extinguishing pro-
cess possible.

Overall, in a confined space, as the pause time of the sys-
tem increases and the activation time is fixed, the time taken
to extinguishing the first fire decreases and then increases.
When the pause time is relatively shorter, the lasting spray-
ing makes the temperature of the confined space relatively
lower, which is not conducive to the evaporation of water
mist. The mechanism involved with short pause times is
cooling. Pausing time that is too long would weaken the
suppressing effect on the fire. Once the fire is restored to its
flaring state, it takes longer to extinguish. Moreover, com-
pared to the continuous water mist, the pulse water mist
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Fig. 7 Temperature variation curve of pulse water mist under different ventilation conditions

produced more water vapor and combustion products, which
created a dynamic mixing in a confined space. With support
from the dynamic mixing, the steam was redirected back to
the fire and diluted the air [19, 20].

3.6 Effect of fuel type on fire extinguishing process

To illustrate the fire extinguishing effects of pulse water
mist upon different fuels, petrol, diesel, and methanol
were employed in this experiments study. The petrol was
93#-octane petrol with a calorific value of 44,000 J/kg and
a flash point under — 30 °C; the diesel was 0# diesel with a
calorific value of 40,158 J/kg and a flash point at approxi-
mately 55 °C; the methanol was pure methanol (approxi-
mately 98%)with a calorific value of 22,703 J/kg and a flash-
ing point around 12 °C. Figure 8 shows the temperatures
measured at different heights by thermocouple tree. All the
fuels used in the experiments maintain a relatively higher

@ Springer

fire temperature after the water mist fire extinguishing sys-
tem is applied. The evaporation rate of the pulse water mist
therefore tends to be higher than that of the continuous water
mist fire extinguishing system, which reduces the duration
of the fire extinguishing process. Methanol takes a much
longer time to be extinguished than either petrol or diesel.
This is because the calorific value of methanol is lower, its
combustion is relatively more stable, and it creates rela-
tively less smoke, keeping the internal temperature relatively
lower. Furthermore, the flash point of methanol is relatively
lower, and its water solubility makes it hard for water mist
to cool and cover the surface of the fuel. Therefore, the fire
extinguishing process tends to be longer. Figure 9 shows the
conditions of different fires after the water mist is applied.
As can be seen, the methanol fire does not strengthen after
the water mist is applied. However, for petrol and diesel,
neither of which can be dissolved in water, different extents
of strengthening can be observed.
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Fig.8 The temperature variation curve of the fire extinguishing process a methanol, b petrol, and ¢ diesel

4 Conclusion

In this study, a series of experimental was conducted to
investigate the influence of several factors on the effec-
tiveness of the pulse water mist. These factors include the
mechanism of the fire extinguishing process (cooling and
smothering), the activation and pause time, the working
pressure, ventilation conditions, and the different type of
fuels. The experimental results are presented and analyzed,
and the following conclusions can be drawn:

(1) According to the results of the experiments, the smoth-
ering method is better than the cooling method. When
optimizing the pulse cycle, the activation of the noz-
zle should fill the confined space with water mist, and
pausing spraying should fully evaporate the floating
water mist, maximizing the evaporation rate of the
water mist. Under the experimental conditions in this

@)

3)

“

study, the best fire extinguishing effect was achieved
with a pulse cycle alternating between an 8-s activation
and an 8-s deactivation.

As working pressure increases, the pulse water mist
fire extinguishing time shows the trend of decreasing
before increasing as pressure grows, and the mecha-
nism involved is cooling instead of smothering.

As the size of the vents is enlarged, the pulse water
mist fire extinguishing time increases significantly. The
advantage of the pulse water mist system over the con-
tinuous water mist system gradually diminishes. When
the size of the vents is larger than 35 cm X 35 cm, the
pulse fire extinguishing time becomes longer than the
continuous water mist fire extinguishing time. How-
ever, the pulse water mist system requires less water
usage than the continuous water mist.

For fuels that do not dissolve in water, the combustion
of the fire would be strengthened during the first stage
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Fig.9 Flame propagation pictures of different fuel fires after the water mist is applied
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of applying the water mist, which is attributed to the
azeotrope of the water mist and the fuel. For fuels that
can be solved in water, however, this phenomenon will
not occur.
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