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Abstract: Suppression of methane explosion has been investigated experimentally in this paper. Different concentrations of meth-

ane explosion and different volumes of ultra-fine water mist were considered. A GigaView High-speed camera was used to visu-

alize the processes of methane explosion suppression with ultra-fine water mist, and the phenomenon in the process was ana-

lyzed. Four E12-1-K type fast response thermocouples were used to obtain the temperature history of methane explosion sup-

pressed with ultra-fine water mist. The effects of methane concentrations and ultra-fine water mist volumes on explosion delay

time are discussed. The results show that the suppressing efficiency of the methane explosion with ultra-fine w ater mist is relat-

ed to both of the water mist volume and the methane concentration, and a critical volume value of ultra-fine water mist for sup-

pressing methane explosion is primarily determined.
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0 Introduction

Although many coal mines are so mechanized
nowadays, the accidents, mainly including methane
explosions, still often happen with severe conse-
quences. So grim is the situation of preventing
methane explosion accidents and reducing the se-
verity of accidents. However, the current status of
eliminating the hazard is improving the ventilation
of working area, by which the methane in coal
mines is kept in safety concentration and the spark
by friction is prevented from appearing due to the
cold fresh air. Therefore, it is absolutely necessary
to develop new approaches to prevent methane ex-
plosion or suppress the spread of flame and denota-
tion wave even if the explosion occurs.

As is known to all, water has a tremendous
cooling effect and can mitigate a fire hazard if used
properly. Water mist as a newly sparked technolo-

gy is used widely for suppressing fires in many are-
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as due to many merits, such as high fire extinguis-
hing effectiveness, less water consumption, no pol-
lution to environment, safety to protected objects
ete.!"™ . The subject related to methane flame ex-
tinction and explosion mitigation with water spray
or vapor had been studied in the past recent years
for several intentions. Teresa Parraet al.''" and Li
et al. """ performed numerical simulation on meth-
ane-air flame extinction and methane explosion sup-
pression by vapor. Large-scale experiments on the
effect of explosion suppression with water mist had
been conducted by Kim et al.'" | Xie et al.'" and
Wlofe et al.!'"V.

were also performed for different purposes, inclu-

Many small-scale experiments

ding investigating the influence of turbulence on

[15, 16]

the course of gas explosion mitigation , quanti-

fication of the basic chemical and physical processes
of explosion mitigation by water mist''” | scaling

[18]

for vented gas and dust explosions' ™ , and seeking

the characteristics of methane flame propagation
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and methane-air flame emission spectrum under ap-
plication of water mist "

However, due to droplet motion through the
gas or gaseous viscous interaction with walls, when
some part of their momentum is transferred to the
ambient gas, it will be inevitable to give rise to tur-
bulence in the gas phase. T his could lead to an un-
expected circumstance if the explosion were im-
moderately intensified by induced turbulence from
water sprays. Only in a minority of experiments ul-
trasonic atomizer apparatus generated ultra-fine
water mist, which had the diameter of 1-20 mi-
crons, low velocity and little possibility to induce
in order to deepen the

turbulence. Therefore,

knowledge on explosion suppression mechanisms

computer signal acquisition and

processing machine

with ultra-fine water mist and prevent the effects of
turbulence induced by water ejection on explosion
suppression, a series of preliminary experiments

were conducted.

1 Experimental apparatus

Fig. 1 shows the schematic diagram of the ex-
periment apparatus for study on methane explosion
suppression with ultra-fine water mist. The whole
system includes six parts, which are ultrasonic at-
omizer, gas transportation system, ignition sys-
tem, the tube for explosion propagation, data ac-
quisition and processing system and a high-speed

Photography System.
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2 3 4 - pressure released hole
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Fig. 1

1.1 Ultrasonic atomizer apparatus
Ulirasonic Atomizer mainly consists of high-
frequency oscillating circuits and PZT ( lead titi-
nate-zirconate) piezoelectric ceramics transducers.
High-frequency oscillation voltage causes reso-
nance on the PZT wafers, which converts electrical
energy to mechanical energy in the form of ultra-
sonic. Due to the particle vibration induced by ul-
trasonic oscillation, the liquid is compressed and
stretched fiercely. When its tension is strong than

cohesion, , the formation of cavities in the liquid oc-

Experimental apparatus of methane explosion suppression with water mist

curs. And the ultrasonic cavitation will cause the
formation of shock waves which vibrate repeatedly
with the same frequency as the wafers, and there-
by generate the surface tension waves that make
the liquid atomized. The atomized particles are
sent outside through the inner fan in the appara-
tus. The temperature of the ultra-fine water mist

is 19 C and the diameteris about 1-20%m. And the

flow rate of the ultrasonic atomizer apparatus is
0.097mV/s.
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1.2 Gas transportation system

According to the specific requirements of ex-
plosion experiment, we had chosen standard high-
pressure gas cylinder, manometer, pressure regu-
lators, DO8-3B/ZM mass flow controller and pipe-
lines, etc. This system has good sealing perform-
ance. And the required concentration was satisfied
by controlling the flows of air and methane
through mass flow controller.
1.3 Ignition system

This system uses the SM C-1R1 pulse igniter
to discharge the spark for ignition. The range of
the adjustable continuous voltage and output ener-
gy are 0-10KV and 0-900mJ, respectively. This
apparatus has the characteristic of high precision.
In the experiment the ignition energy is far larger
than the minimum ignition energy of methane ex-
plosion.
1.4 The tube for explosion propagation

The tube has a length of 60cm and a square
section of 10em X 10cm. Its walls consist of three
pieces of 4mm thick transparent acryl glass and one
piece of 6mm thick stainless steel plate and both
ends are sealed by flanges and gaskets. Besides,
four thermocouples, a pair of ignition electrodes
and pressure released hole are distributed on the
stainless steel plate. Also, their joints with the
steel plate are sealed up completely. It is conven-
ient for high-speed photography to capture the
whole process of the methane explosion suppres-
sion with ultra-fine water mist through the tube.
1.5 Data acquisition and processing system

This system is composed of an ESC-CHO01-03
signal acquisition and processing machine, E12-1-K
type thermocouples with microsecond response
time, ESC-TCO2 fast response thermocouples in-
put module and PCI-6250 data acquisition cards
with the 1.25M sample rate, which can satisfy the
requirement of microsecond data acquisition. The
thermocouples are distributed at intervals of 10cm

from the place 2cm away from the electrodes.

Table 1 Parameters of the E12-1-K type thermocouples

1 EI21-K
Measure Range 0~2300C
A ccuracy 0.75%F.S.
Response time < 20s

1.6 High-speed Photography System

This system comprises a GigaView High-
speed camera with high-speed data access memory,
a laptop, a camera stand, lighting equipments,
etc. And according to different frame sizes, the
camera has different frame rates; the most one is
2000 fps. In the experiment we choose the frame
rate of 1000 fps with the frame size of 1028X 128
and exposure of 994 usec. In order to analyze and
process the images further, they are transmitted to

the computer in the form of digital signals.
2  Experimental results and discussions

For the essence, the methane explosion is a
kind of intense oxidation reaction and will happen
in a certain range of concentration. The concentra-
tion range is 5.3%-15%. In this study, 5.3%,
6.8%, 8.4%, and 9. 8% concentrations of meth-
ane explosion are considered. In order to prevent
the residues of the ultra-fine water mist or methane
in the tube from influencing the results of the ex-
periment, the dry air was put through the tube be-
fore next experiment.

2.1 Explosion visualization

The methane explosion is a rapid and violent
reaction. In order to visualize the reaction distinct-
ly, a GigaView high-speed camera is used to take
images of the process of methane explosion sup-
pression with ultra-fine water mist. The typical
pictures are shown in Fig. 2, where the concentra-
tion of methane is 8.4 % and the volumes of the ul-
tra-fine water mist are 1. 94mL, 2.92mL and 3.88
mL, respectively ( The ultra-fine water mist is put
into the tube for 20s, 30s and 40s.respectively) .

The results show that when the volume of the
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ultra-fine water mist is 1.94mL, the average mo-
tion velocity of the water mist impelled by the
shock wave in the distance from the electrodes to
the second thermocouple, the third and the fourth
one are about 2m/s, 10m/s and 2m/s, respective-
ly. When the explosion occurs, the incipient veloc-
ity is zero but arises rapidly. After a while of ac-

celeration, the velocity achieves the highest one.
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(a) 1.94mL

2 8.4%
Fig. 2

(b) 2.92mL

However, the velocity slows down rapidly because
of the impediment of the other end of the tube.
And all the ultra-fine water mist is pushed to the
other end of the tube to pile up. After about
200ms, the pressure released hole is broken by the
acting of the shock wave. Then the outside air is
pushed into the tube and the ultra-fine water mist

is dispersed back toward the electrodes.

e
i

(c) 3.88mL

(a) 10ms, (b) 20ms, (c) 20 ms

Images of 8. 4% methane explosion suppressed with ultra-fine water mist

(a) Interval of two slides is 10ms, (b) Interval of two slides is 20ms, ( ¢) Interval of two slides is 20ms

When the volume of the ultra-fine water mist
is2.92mL, the shock wave cannot push all the ul-
tra-fine water mist into the other end of the tube.
After about 140ms, the water mist is separated in-
to two parts: a smaller part and a larger part. The
smaller one arrives at the second thermocouple
with average velocity of about 0.6m/s, and stops
at the place of the second thermocouple then goes
back toward the electrodes due to the reflected
shock wave; Until the pressure released hole is
broken, the larger one is being pushed to the other
end of the tube to pile up by the shock wave, arri-
ving at the middle between the third and the fourth
with average velocity of about 1.13m/s.

When the volume of the ultra-fine water mist
is 3.88mL, the situation is similar to that of 2. 92
mL. The only difference is that the power of the
shock wave is weaker and the propagation velocity

is slower.

2.2 Explosion temperature

In order to reduce the influences of turbulence
generated by afflux of ultra-fine water mist on the
experiment, both of the methane with required
concentration and the ultra-fine water mist are put
into the tube slowly. Then the data acquisition and
processing system and the high-speed photography
system begin to work. W hen water mist gets stabi-
lization, the pulse igniter is triggered.

8.4 % concentration of methane explosion without
ultra-fine water mist reacts very violently and accom-
panies a tremendous roar and yellow jet flame occur-
ring at the pressure released hole. For the rest situa-
tion, the explosion sound is weaker and no flame oc-
curring at the pressure released hole.

Fig.3 presents the temperature history of the
8.4 % methane explosion suppression under differ-
When no

ultra-fine water mist is put into the tube, the ex-

ent conditions of ultrafine water mist.

plosion temperatures arises rapidly, and the results
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measured with the furthest thermocouple ( 32cm a-

way from the electrodes) are still higher
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Fig. 3 Temperature history of 8. 4% methane explosion suppressed with ultra- fine water mist:

(a) no ultra-fine water mist, (b) with 1. 94mL ultra fine water mist,

(c¢) with 2. 92mL ultra fine water mist, (d) with 3. 88mL ultra-fine water mist

When the volume of the ultra-fine water mist
is 1.94mlL,

rapidly, but the temperatures measured with the

the explosion temperatures also arise

nearest (2cm away from the electrodes) and the
furthest thermocouples are only about 400 C and
200 C, respectively.

When the volume of the ultra-fine water mist

1s 2.92mL,
Although the explosion temperature drop of the

the explosion is further suppressed.

nearest thermocouple from the electrodes is not ob-
vious, the temperatures at the locations 12cm and
22¢m away from the electrodes fall by 400 Cor so,
and the important one is that the temperature rai-
sing rate decreases and the flame just stops when it
does not arrive at the fourth thermocouple 32cm
from the electrodes.

When the volume of the ultra-fine water mist
is 3.88mlL,
rest them ocouple drops obviously by 600 C, and

the explosion temperature of the nea-

The
The

flame just stops when it does not arrive at the third

the temperatures of the rest also further fall.

temperature raising rate decreases clearly.

thermocouple (22cm from the electrodes) .

When the volume of the ultra-fine water mist
put into the experimental tube is 4.38mL, the sit-
uation is similar to that of 3. 8mL. The only
difference is that the explosion temperature is low-
er and temperature raising rate is smaller than that
circumstance.

When the volume of the ultra-fine water mist
put into the experimental tube is 4. 86mL, the ex-
plosion is completely suppressed.

2.3 Explosion delay time

In order to investigate the efficiency of meth-
ane explosion suppression with ultra-fine water
mist and reflect the difficulty in causing the explo-
sion, a custom parameter named explosion delay

time, which refers to the period from, the time. as
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the electrodes sparks to the time when the explo-
sion occurs, is considered in this work. The exper-
imental results indicate that the explosion delay
time is prolonged evidently with the application of
ultra-fine water mist. In addition, the explosion

delay time significantly gets longer with the in-

Fo— 1.94mL ultra-fine water mist |
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instance, the explosion delay time of the case with

crease of the volume of ultra-fine water mist.

2. 2m1l ultra-fine water mist is two magnitudes

longer than that with 1. 94mL ( as shown

in Fig. 4).
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Fig. 4 Explosion delay time of methane with different concentrations
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Fig. 5 Explosion delay times of methane suppressed by ultra-fine water mist with different volumes

Given a specific concentration of methane (for
example 8. 4% and 9. 8%), the explosion delay
time gets longer with increasing volume of ultra-
fine water mist, and the rate of explosion delay
time increasing is very rapid( as shown in Fig.5).
This indicates that it is very efficient for the ultra-
fine water mist to suppress the methane explosion.

In a word, when the volume of ultra-fine wa-
ter mist is smaller than 2. 92mL, the electrodes are
not surrounded by the water mist. A lthough the
ignition delay time will be prolonged due to the ul-
tra-fine water mist diffusion, but the time is com-
parative short and still has ms scale. However,
when the volume of ultra-fine water mist is larger

than 2, 92ml,  the electrodes .are completely sur-

rounded by the water mist. It is hard for the elec-
trodes to initiate the methane explosion, the explo-
sion delay time is very long and get to s scale be-
cause the electrodes need to spark all the time to
generate the turbulence of the water mist, which
involves methane and air to the neighbor of elec-
trodes for explosion. This means the methane con-
centration in the neighbor of the electrodes is far
lower than the lower explosive limit. Therefore re-
ducing the concentration of methane is one of the
mechanisms of methane explosion suppression with
ultra-fine water mist.

2.4 Critical volume of ultra-fine water mist for

suppressing methane explosion

During the period of the experiment, it. is
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found that ultra-fine water mist for suppressing
methane explosion always has a critical volume,
beyond which methane will not explode no matter

how high energy the electrodes release. From the

lower explosive limits to stoichiometric concentra-
tion, the critical volume augments with increasing

of methane concentration (as shown in Fig. 6).
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Fig. 6 Critical volume curves of ultra fine water mist for suppressing methane explosion

The zone I is defined as non-explosion zone,
and the zone 111 is defined as explosion zone, while
the zone Il occurs due to the limitation of the quan-
tity of experimental cases, and is regarded as un-
known zone, where whether the explosion will
happen is not sure. So the next step needs to be
done is to increase the experimental cases in order
to get a perfect critical volume curves of ultra-fine

water mist for suppressing methane explosion.
3 Conclusions

Experiments of 5.3%, 6.8%, 8.4%, and
9.8% concentrations of methane explosion sup-
pression with different volumes of ultra-fine water
mist are carried out. The results show that:

(1) The explosion temperature and the tem-
perature raising rate get lower with the increase of
the volume of ultra-fine water mist, which means
that it is efficient for ultra-fine water mist to sup-
press the methane explosion and absorption of heat
is one of mechanisms of methane explosion sup-
pression with ultra-fine water mist.

(2) Theexplosion delay time, shortens with the

increase of methane concentration from the lower
explosive limits to stoichiometric concentration,
while it gets longer with the increase of the volume
of ultra-fine water mist, and the rate of explosion
delay time increasing is very rapid.

(3) The turbulence phenomenon in the neigh-
bor of the electrodes indicates that reducing the
concentration of methane is one of the mechanisms
of methane explosion suppression with ultra-fine
water mist. In addition, it is found that the sup-
pression of methane explosion with ultra-fine water
mist has a critical volume, beyond which methane
will not explode no matter how high energy the e-
lectrodes release. From the lower explosive limits
to stoichiometric concentration, the critical volume

augments with increasing methane concentration.
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