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Chapter 1 ®)
Introduction Check for

Gas explosion accidents, which are one of the main forms of industrial disasters,
frequently occur in the process of production, usage, storage, and transportation
of combustible gases. The explosions of combustible gases cause significant losses
to the safety of people’s lives and property, severely hindering the development of
the national economic and social progress. Effectively preventing, controlling and
reducing the economic losses and casualties caused by gas explosions has become a
key issue that needs to be solved. Due to the highly destructive and complex nature
of gas explosion accidents, various countries have invested substantial financial
resources into extensive research and have achieved considerable results.

Scholars around the world have carried out a lot of research on the propagation
process of gas explosions in industrial confined spaces [1]. When flammable gas
is ignited in a confined space, the flame propagates rapidly to the unburned gas
[2]. Based on the rate of energy released during the explosion and the propagation
velocity of the hot gas products, the explosion is classified into deflagration and deto-
nation. The deflagration propagates at subsonic speeds, with propagation velocities
typically ranging from a few meters to several hundred meters per second, while the
detonation propagates at supersonic speeds of kilometers per second [3]. The defla-
gration creates a pressure wave in front of the flame, forming a ‘two-wave, three-zone’
(combusted zone—flame wave—preheated zone—pressure wave—unburned zone) struc-
ture [4]. At this time, the flame self-instability and turbulence caused by the walls
of the confined space will accelerate the flame propagation [5]. The types, concen-
trations and environmental conditions of gases also affect the deflagration intensity
and flame propagation characteristics [6]. Studies have shown that the higher the gas
activity and the closer the concentration is to the stoichiometric concentration the
faster the explosion releases energy and the greater the explosion overpressure and
flame propagation velocity [7]. Properly arranged obstacles can lead to an increase
in flame area and trigger turbulent combustion, which has a significant acceleration
effect on the flame [8—10]. The continuous acceleration of flame propagation triggers
the deflagration-to-detonation transition (DDT) phenomenon [11]. Currently, a hot
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spot appears behind the shock wave or Mach bar, and the flame gradually catches
up with the precursor shock wave and couples with it [12—14]. The DDT process
generates a high overpressure, the value of which is even greater than the steady
detonation pressure, and has a great destructive power [15]. However, its occurrence
is more random and the process is rapid, and the critical mechanism and the intrinsic
mechanism of its occurrence still need to be further revealed [16].

Connected vessels are a common type of structure in industry and their explosion
mechanisms are more complex than those of a single vessel or pipe. It has been
shown that the explosion flame in a connected vessel creates strong turbulence when
it reaches the secondary vessel, causing a more violent explosion [17], resulting in
a higher maximum overpressure and higher rate of pressure rise [18]. Composition
structure, dimensions and ignition location affect the gas explosion characteristics
of connected vessels [19]. Connected form of spherical vessel-pipe—spherical vessel
will form two peaks of overpressure, while the connected vessel of spherical vessel—
pipe form, the overpressure has a single peak, and the spherical vessel will form a
large negative pressure inside [20]. Wang et al. [21] studied the effect of changes in
the volume of cylindrical container and pipe size on the overpressure of methane—air
mixtures, and found that the maximum rate of increase in overpressure decreases
with the increase in the volume size of the container. Bartknecht et al. [22] found
that when the volume of the container is the same, the length of connecting pipe does
not have much impact on the explosion intensity, while the diameter of the pipe has
a greater impact on the explosion intensity. You et al. [23] pointed out that when
the pipe diameter constant, the larger the volume of primary vessel, the greater the
initial velocity of the flame entering the pipe. The smaller the volume of secondary
vessel, the stronger the resistance to the flame propagation, and the slower the flame
reaches the secondary vessel.

To mitigate the risk of gas explosions in confined spaces, three primary methods
are typically employed to lessen the impact of such events: explosion venting,
explosion resistance, and explosion suppression. Explosive venting can protect the
container unit by releasing the pressure wave, flame and unburned combusted media
in the confined space to the external space [24]. Explosive venting shows signifi-
cant differences at various combustible gas concentrations, venting areas, or rupture
pressures. Higher concentration leads to a secondary explosion on the outside of the
vent. The maximum secondary overpressure increases linearly with the maximum
vessel pressure [25]. The maximum overpressure increased with bursting pressure
of bursting film and decreased with venting area [26]. Explosion arrest is another
important method of explosion protection. The goal is to inhibit the propagation of
explosion flames resulting from flammable gases and vapors of flammable liquids
within the pipe and equipment systems. A flame arrester is a commonly employed
safety device in the industry for preventing explosions. It exhibits remarkable extin-
guishing capabilities on explosion flames and effectively halts the spread of such
flames within pipe systems [27]. Within a flame arrester, the microchannels play a
crucial role in absorbing substantial heat and reactive free radicals. The flame extin-
guishes gradually when the heat absorbed by the microchannel walls surpasses that
released by combustion, or when there is not enough reactive radicals to sustain the
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chemical reaction process [28, 29]. Enhancing the quenching effect on gas explo-
sion flames is achievable by augmenting the thickness and porosity of the flame
arrester unit. Moreover, the level of porosity significantly impacts the effectiveness
of flame quenching [30]. The wire mesh offers a level of blast resistance, influ-
encing the structural properties of the flame front surface to hinder flame spread [31].
The geometric attributes of the wire mesh dictate critical parameters like quenching
velocity and overpressure for successful blast resistance [32]. Enhancing blast resis-
tance is achievable by increasing mesh size and the number of wire mesh layers
[33]. Apart from flame arresters and wire mesh, other porous materials like foam
ceramic pore structures can quench explosion flames and provide detonation resis-
tance [34, 35]. The quenching efficacy of porous materials stems from mechanisms
such as the wall effect, heat dissipation, and absorption of transverse waves [36]. By
leveraging quenching principles in designing novel porous material structures and
compositions, more resilient porous materials with enhanced explosion resistance
can be engineered [37, 38].

Explosion suppression stands out as a highly effective approach for mitigating
the intensity and destructive potential of explosions. Extensive scientific inquiry
has delved into the efficacy of inhibitors in explosion suppression. Among these,
ultra-fine water mist, renowned for its robust heat absorption capabilities and eco-
friendly traits, emerges as a top-notch explosion suppressant. Research indicates
that ultra-fine water mist excels in curbing overpressure, flame burning rates, flame
temperatures, and flame structures, showcasing superior suppression performance
[39—41]. The primary reasons behind the deceleration of flame burning rates by
ultra-fine water mist include heat absorption, dilution, and chemical suppression,
with the latter playing a relatively minor yet significant role [42]. With escalating
water mist concentrations, there is a correlated decrease in overpressure, flame prop-
agation rates, and flame temperatures. The efficacy of suppression is intricately tied
to both the concentration of combustible gases and the dosage of applied water mist
[43]. Even when encountering obstacles, augmenting the concentration of water mist
can effectively diminish overpressure and flame temperatures, potentially leading to
complete explosion suppression once a critical threshold is reached [44]. Notably,
larger droplets in water mist, if not evaporated in time, can act as obstacles, inducing
flame turbulence. This turbulence accelerates flame combustion rates, intensifying
the explosion reaction. Furthermore, as particle size increases, the turbulence effect
becomes more pronounced [45, 46]. To ensure efficient heat absorption, water mist
particle sizes should ideally fall within the micron range. This size range enables
effective heat absorption from the flame surface without significantly disrupting the
flame front’s flow field [47]. Introducing specific additives can enhance the explosion
suppression efficacy of ultrafine water mist, leading to reduced flame propagation
velocities, flame temperatures, and overpressures [48,49]. Compared to pure ultrafine
water mist, formulations with additives exhibit superior cooling abilities, heightened
thermal radiation blocking capabilities, and lower concentrations of chain reaction
radical substances (H, OH, and O). The inhibitory effect is notably enhanced with
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increasing concentrations of ultrafine water mist containing additives [50]. Addition-
ally, the choice of additives significantly impacts the explosion suppression poten-
tial of ultrafine water mist, with KOH demonstrating superior suppression effects
compared to NaOH and NaCl [51].

In conclusion, current research trends, both domestically and internationally,
regarding the characteristics of explosions in confined spaces emphasize studying
the mechanisms and laws governing the evolution of explosion dynamics. This
includes developing accurate theoretical mathematical models to describe the explo-
sion processes, utilizing fluid dynamics software or custom software for simulating
explosions, uncovering fundamental rules of explosion processes, and applying
research findings to analyze accident consequences, as well as for designing indus-
trial equipment explosion prevention and safety measures. Considering these trends,
the authors have leveraged the resources of the Key Laboratory of Chemical Process
Safety under the Ministry of Emergency Management to systematically delve into
gas-phase explosions in confined spaces. This book represents a consolidation of
the primary theoretical approaches and key findings related to gas-phase explosions
in confined spaces, drawing from advancements in both domestic and international
research. The aim is to equip readers with a more systematic, comprehensive, and
profound grasp of gas-phase explosions in confined spaces and their protective tech-
nologies. It is hoped that this book will not only enhance understanding but also offer
guidance for future research endeavors in this critical area.
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Chapter 2 ®)
Gas Explosion Characteristics oy
in the Confined Spaces

2.1 Gas Explosion Characteristics in the Single Vessel

2.1.1 Experimental Apparatus and Methods

2.1.1.1 Experimental Apparatus

Figure 2.1 illustrates a schematic diagram of the experimental apparatus for studying
the syngas explosion characteristics [1]. It mainly consisted of a visualization explo-
sion vessel, a gas supply system, an ignition system, a high-speed camera system, a
high-frequency pressure acquisition system, a procedure control and data acquisition
system, and the obstacle board.

The visualization explosion vessel was made of 304 stainless steel (150 mm x
150 mm x 910 mm). To capture the flame propagation characteristics after passing
through the obstacle, two tempered glasses were installed respectively in the front and
back sides of the vessel. The gas premixed system consisted of a premixed tank and
a gas source, and a certain volume concentration is prepared by the partial pressure
method. A high-voltage discharge method (voltage (U) = 8kV) with a5 mm electrode
gap (height distance from bottom end (h) = 100 mm) was adopted to ignite the
premixed gas. A high-speed camera (acquisition frequency (f) = 4000 fps; resolution
(h x t) = 1280 x 1024) is used to capture the flame propagation process after passing
through the obstacle. A pressure transmitter (measurement accuracy: 0.25% FS;
range: 2.50 MPa) with 50 kHz response frequency was installed in the middle of the
vessel to acquire the pressure data. A data acquisition card with 200 kHz frequency
(USB287X) was adopted to realize the program control and data acquisition.

© The Author(s) 2025 9
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Fig. 2.1 Schematic diagram of the visualization experimental apparatus

2.1.1.2 Experimental Methods

Before the experiment, the vacuum degree of explosion vessel was pumped to
0.09 MPa. The premixed gas with a certain concentration was introduced into the
explosion vessel and laid aside for 10 min. Before ignition, the initial pressure inside
the vessel was 0.10 MPa and the volume concentration was determined. After igni-
tion, the flame accelerated propagation from right to left and bypassed the obstacle.
Each condition was repeated 3—4 times to guarantee the experimental accuracy.

2.1.1.3 Experimental Conditions

Considering the axial length and cross section of explosion vessel, the obstacles
(900 mm x 150 mm x 10 mm) of three blocking rates (¢ = 0, 20 and 33%) and
four obstacle numbers (n = 0, 1, 2 and 3) were selected. The thicknesses of the
obstacle and its bottom board were 10 mm and 1 mm respectively and the material
was 304 stainless steel. The distance between the first obstacle and ignition source
was 170 mm and the distance between adjacent obstacles was 200 mm, respectively.
Three syngas concentrations (CO/H, = 1:1; ¢ = 15, 20 and 25% (the equivalence
ratio (®) = 0.51, 0.68 and 0.84)) were adopted to carried out the experiment. The
effect mechanism of obstacle was studied by the changings of flame propagation
characteristics and explosion parameters under different working conditions.
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2.1.2 Effect of Gas Concentration

Figure 2.2 shows the variation history of flame front position with time under 15, 20
and 25% syngas concentrations (n = 2; € = 33%). It clears that the time for the flame to
reach the vessel end was decreased successively with increasing syngas concentration
(from 266.00 to 39.50 ms). The flame propagation velocity was calculated according
to the variation of flame front position with time, as shown in Fig. 2.3. The interval
time of flame front position change was reduced as much as possible (At = 1 ms), so
that the average velocity was close to the instantaneous velocity of flame propagation
at a certain moment. The flame propagation velocity was increased obviously with
the increase of syngas concentration. Especially the three peaks of velocity history
were increased significantly, and their appearance moments and the interval time
between adjacent peak values were decreased in turn. And the v,x was increased
by 88.90% and the interval time was reduced from 26.75 ms and 30.11 ms (¢ =
15%) to 4.26 ms and 3.62 ms (c = 25%), respectively. It was because that the
chemical reaction rate was gradually enhanced with increasing syngas concentration
under lean-fuel concentration. Besides, the flame turbulence intensity was enhanced
under the action of obstacle, which resulted in the increase of flame propagation
velocity. Compared with the high syngas concentration, the flame propagation of
the low syngas concentration was relatively slow, and the intensities of combustion
wave and reflected wave were relatively weak. The duration of both interactions was
increased continuously, further resulting in a gradual increase in the duration of the
flame oscillation.

Fig. 2.2 The variation 800
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Fig. 2.3 Effect of syngas concentration on flame propagation velocity (n = 2; € = 33%)

2.1.3 Effect of Obstacle Number

Figure 2.4 shows the effect of obstacle number on the flame propagation velocity
history (n = 0, 1, 2 and 3; ¢ = 25%; € = 33%). It clears that the flame propagation
velocity was increased significantly and the propagation time inside the vessel was
decreased successively with increasing obstacle number (from 68.50 to 33.00 ms).
Meanwhile, the number of the velocity history peak was related to the obstacle
number. The propagation velocity appeared a change process of the increase firstly,
then decrease and again increase as the flame bypassed the obstacle. Hence, the peak
number of velocity history was more one than the obstacle number. The charac-
teristics of flame propagation was also studied in Luo’s experiment [2]. However,
the relationship between the velocity history peak and obstacles was not mentioned.
As can be seen from Fig. 2.4, the peak of velocity history was increased continu-
ously with increasing obstacle number. And the vyax Was increased by 60.59%. The
peak variation tended to be stable under three obstacles, but the fourth acceleration
propagation process still existed. Moreover, the extent of flame “reverse oscilla-
tion” decreased with the increase of obstacle number compared with one obstacle.
Especially the flame “reverse oscillation” disappeared under three obstacles. It was
because that the interaction intensity of combustion and compression waves was
enhanced and gradually played a dominant role due to the enhancement of flame
turbulence disturbance with the obstacle number increased. And the reflected wave
intensity was relatively weakened, further resulting in the reduction of flame “reverse
oscillation” phenomenon.
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Fig. 2.4 Effect of obstacle number on the flame propagation velocity (c = 25%; € = 33%)

2.1.4 Effect of Blocking Rate

Figure 2.5 presents the effect of obstacle blocking rate on the flame propagation
velocity (¢ = 0, 20 and 33%; ¢ = 25%; n = 2).
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Fig. 2.5 Effect of obstacle blocking rate on flame propagation velocity (¢ = 25%; n = 2)
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The flame propagation velocity was increased, and the time required for the flame
to reach the vessel end was decreased as the blocking rate increased (from 68.50
to 39.50 ms). Meanwhile, the corresponding velocity histories all showed three
peaks as two obstacles existed, which indicated that the flame all experienced three
times acceleration propagation process. The corresponding velocity peak was also
increased continuously as the blocking rate increased, and their appearance moment
showed a decreasing trend. The vy,.x Was increased by 61.65% and the interval time
was reduced from 5.49 ms and 3.42 ms (¢ = 20%) to 4.45 ms and 3.85 ms (€ = 30%),
respectively. It was because that the extent of stretch and twist was increased as the
flame bypassed the high blocking rate, and the turbulence disturbance of flow field
was also enhanced significantly.

2.2 Gas Explosion Characteristics in the Connected Vessel

2.2.1 Experimental Apparatus and Methods

2.2.1.1 Experimental Apparatus

As is illustrated in Fig. 2.6, the experimental system was made up of explosion
system, data acquisition system and auto gas distribution system.

Data acquisition instrument Q
0000000000 h

Ignitor Computer
Pressure transducers

Spark plug Spark plug

Big vessel

Vacuum pump

Compound
gas system

Reducing value

Fig. 2.6 Schematic diagram of the explosion apparatus for linked vessels
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The explosion system was made up of explosion apparatus and ignition apparatus.
The explosion apparatus was made up of a big spherical vessel, pipes, and a smaller
spherical vessel. The big spherical vessel is 600 mm in diameter and 113 L in volume.
The smaller spherical vessel is 350 mm in diameter and 22 L in volume. Each
cylindrical pipe was 2000 mm in length and 60 mm in internal diameter. The wall
thicknesses of the pipe, the big vessel, and the smaller vessel are 15 mm, 22 mm,
and 16 mm respectively. All these three components were connected by flanges.
Nozzles in the spherical vessels were used to install pressure transmitters, vacuum
manometers, spark plugs, a gas inlet, and a gas outlet. An KTD-A ignition apparatus
was used as a capacitive electrical ignition source for the high-voltage spark plugs.
This device was simple and accurate to adjust. In these experiments, the ignition
position was in the center of vessel.

The data acquisition system was made up of pressure transducer and data acquisi-
tion device. Overpressure was obtained by high frequency pressure transducer named
HM 90-H3-2. The pressure transducer range was 0—10 MPa. The frequency response
was 200 kHz. The output signal was 0—5 V DC, and the measuring accuracy was =+
0.25% FS. The pressure transducer was placed on the wall of each spherical vessel.
The resolution of the data acquisition device was 24-bit, and the sampling rate was
200 kHz. A DEWE-43 multi-channel data acquisition device was adopted to collect
synchronous data. The data analysis software named DEWE Soft X2 was used to
process the data.

The auto gas distribution system was made up of distribution system and a vacuum
pump. A RCSC2000-B distribution system, which was made up of distribution box,
control box, computer, hydrogen gas cylinder and oxygen gas cylinder, was used
to get the mixture of hydrogen and air of the desired concentration. The process
of gas distribution was auto finished by connecting to computer. A software named
computer automatic gas distribution was used to control this process. A 2X-8 GA
vacuum pump was used to replace the waste gas in the linked vessels with fresh air.
Besides, the fastest pumping rate can achieve 0.008 m?/min, which was enough for
the experiment.

2.2.1.2 Experimental Methods

The experiments were carried out at normal temperature and atmospheric pressure,
and the ignition energy was 5 J. Before each experiment, the vacuum pump was used
to get the air pressure in the linked vessels at — 0.09 MPa, then to aerate hydrogen—
air mixture as required. In order to establish the repeatability of experiments, each
experiment was repeated three times.

2.2.1.3 Experimental Conditions

The experimental scheme is shown in Table 2.1.
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Table 2.1 Experimental scheme for the influential factors on Hz-air explosion in linked vessels

No. | Connection mode Ignition position | Initial pressure (MPa) | Position of pressure
transducer
1 Big vessel + 2.5 m | Small vessel 0 On the wall of each
pipe + small vessel vessel

2 Big vessel + 2.5 m | Big vessel
pipe + small vessel

3 Big vessel + 4.5 m | Small vessel
pipe + small vessel

4 Big vessel + 4.5 m | Big vessel
pipe + small vessel

5 Big vessel + 6.5 m | Small vessel
pipe + small vessel

6 Big vessel + 6.5 m | Big vessel
pipe + small vessel

7 Big vessel + 2.5 m | Small vessel —0.02
8 pipe + small vessel — 001
9 0.01
10 0.02
11 0.03

2.2.2 Effect of Ignition Position

Due to different flame propagation corresponding to different hydrogen explosion
mechanism, the expanding direction of hydrogen was quietly different, which led to a
different diffusion rate. Meanwhile, the explosive limit of hydrogen will be affected.
The experiment was carried out at the condition of normal temperature and pressure.
The connection mode was big vessel-pipe—small vessel. The flame propagation has
two options, one was from the small vessel to the big vessel and the other was from the
big vessel to the small vessel. Also, the ignition position was located in the center of
vessels. The recorded overpressure in big and small vessels are shown in Figs. 2.7,
2.8, 2.9 and 2.10. These figures showed that, in agreement with the result in [2],
ignition position plays a great role on gas explosion in linked vessels. Figures 2.9
and 2.10 also showed that the maximum overpressure decreases with the decreasing
of volume ratio. Different ignition positions had the same effect on gas explosion
with different volume ratios.

When the ignition position was located in the center of small vessel, the flame
propagation was from small vessel to big vessel. The overpressure in small vessel
was 0.78 MPa. However, when the flame propagate to big vessel, the overpressure
in big vessel was only 0.55 MPa. When the ignition position was in the center of
big vessel, the flame propagation was changed from big vessel to small vessel. The
overpressures in both vessels were increased significantly. The overpressure in big
vessel and small vessel were 0.70 MPa and 1.20 MPa, respectively.
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Fig. 2.7 Overpressure in the
primary vessel connected
with single pipe (ignited in
both vessels)

Fig. 2.8 Overpressure in the
secondary vessel connected
with single pipe (ignited in
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Fig. 2.9 Overpressure in the
primary vessel and
secondary vessel connected
with single pipe (ignited in
big vessel)
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When ignited in the big vessel, the explosion flame first spread from big vessel to
pipe. The laminar flow of flame become unstable and finally the turbulent flow was
formed. During the process of laminar flow turns to turbulent flow, the speed of flame
increases rapidly. Besides, the overpressure rising rate has a sharp rise in small vessel
[3]. On the contrary, the maximum hydrogen overpressure in big vessel changes
slightly. When the flame flows through the pipe, the speed of blast wave was much
larger than the speed of flame. Thus, the blast wave will first spread to small vessel,
then meets the wall and reflects to the pipe. The blast wave will meet the flame in the
pipe, which calls stack effect. After stack, the flame continue spread to small vessel,
the speed of flame increases rapidly and turns to turbulence combustion gradually.
Meanwhile, because of the accumulation effect of overpressure in small vessel, the
overpressure increased severely and finally came to the maximum overpressure. The
hydrogen in big vessel also reacted quickly, and the maximum overpressure in big
vessel achieved in a very short time. As a result, the maximum overpressures in
big vessel and in small vessel achieved at the same time. Although the hydrogen
in linked vessels reacted completely, overpressure wave oscillation exists in linked
vessels. Then overpressure wave oscillation weakens because of energy loss. At last,
overpressure wave oscillation disappears.

When the ignition position was located in the center of small vessel, the maximum
hydrogen overpressure in big vessel had a small decline. Due to the speed of blast
wave was larger than the flame, the reflect phenomenon will occur as the blast wave
spread into big vessel. For the volume of big vessel was larger than the small one, the
blast wave loses a lot of energy and the reflect wave become stronger. Thus, when
the reflect wave meets the flame wave, the retardation become larger. Then, when
the hydrogen flame spread to the large vessel, the hydrogen explosion intensity was
weakened.
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2.2.3 Effect of Initial Pressure

The experiment apparatus was linked vessels with one section pipe, and the ignition
position was located in the center of small vessel. Figures 2.11 and 2.12 show the
Overpressures in both vessels in linked vessels with one section pipe under different
initial pressure. It’s easy to find that although the pressure change trend in both
vessels are not same, the overpressures in big and small vessel are increasing with
the increase of initial pressure. When the initial pressure was lower than 0.02 MPa,
the overpressure rising rate in small vessel only had a small increase with the increase
of initial pressure. When the initial pressure was 0.03 MPa, the overpressure had a
severe increase in small vessel. Compared with the initial pressure was 0.02 MPa,
the overpressure almost has a 0.50 MPa changes. The overpressure in big vessel
increases with the increase of initial pressure. The overpressure in big vessel reached
to 1.13 MPa when the initial pressure become to 0.03 MPa. With the increasing of
initial pressure, the time reached to the maximum overpressure has increased.
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The collision theory considers that only highly reactive molecules collide can
react together. Effective collision meant the new chemical bonds will form after the
old chemical bonds separates in the unit number of collisions. A higher pressure led
to a more molecular collision. Thus, even the initial pressure changed slightly, the
hydrogen overpressure in the apparatus will have a change.

The gas content in small vessel will increase a lot with the increase of even
0.01 MPa initial pressure. Hence, when the explosion occurs, the released chem-
ical energy from hydrogen molecules was higher [4]. With the increasing of initial
pressure, the maximum overpressure and overpressure shock in both vessels became
more severe. Besides, the higher initial pressure makes the small vessel has a part of
unburned gas after ignited. While the flame or overpressure wave rebound from the
big vessel, the turbulence explosion will occur. The overpressure and overpressure
rising rate are both increase with the increasing of even 0.01 MPa initial pressure.

2.2.4 Effect of Pipe Length

Figure 2.13 shows the effect of pipe length on Hj-air explosion in linked vessels
under the ignition position is in big vessel. With the increase of pipe length, the
overpressures in both vessels were increasing. That is very dangerous for the device.
When ignited in the big vessel, the explosion flame first spread from big vessel
to pipe. The laminar flow of flame become unstable and finally the turbulent flow
was formed. During the process of laminar flow turns to turbulent flow, the speed of
flame increases rapidly. Besides, the overpressure rising rate has a sharp rise.
Figure 2.14 shows the effect of pipe length on Hj-air explosion in linked
vessels under the ignition position is in small vessel. The maximum overpressure
in secondary vessel increased with the increasing of pipe length. However, the
maximum overpressure in small vessel increased first then decreased. Due to the
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Fig. 2.13 Overpressures in linked vessels with different pipe length when ignited in big vessel
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Fig. 2.14 Overpressures in linked vessels with different pipe length when ignited in small vessel

increasing of pipe length, the collision frequency between the flame, or overpres-
sure wave and the pipe wall increased a lot. Mean-time, the energy dissipation also
increased obviously. Thus, the maximum overpressure in small vessel decreased
when the three-section pipe is connected.
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Chapter 3 ®)
Structure Effect of Connected Vessels e
on Gas Explosion Characteristics

3.1 Experimental Apparatus and Procedures

Figure 3.1 illustrates a schematic diagram of the experimental apparatus for studying
the effect of connected vessels structure on methane explosion characteristics. The
apparatus mainly consists of a primary vessel, a secondary vessel, a bifurcated pipe
(including four connection forms), an ignition system, a high frequency pressure
acquisition system, a gas premix system, a program control and data acquisition
system.

Two kinds of spherical vessels (V = 22 and 113 L) and four kinds of cylindrical
vessels (V = 11, 22, 55 and 113 L) were adopted as the connected vessel structure
to carry out experimental research. The volume and shape of primary and secondary
vessels were introduced in the corresponding section. The gas premixed system
consisted of a gas flowmeter, a gas cylinder, a vacuum pump and a distribution
controller. A high-energy ignition device (KTD-A) with 5 J energy was adopted to
ignite premixed gas. Four pressure transmitters (measurement accuracy: 0.25% FS;
range: 5 MPa) with 200 kHz response frequency were installed respectively in the
primary/secondary vessel and the front and back positions of bifurcation pipe to
acquire the pressure data of corresponding position, as shown in Fig. 3.1. A data
acquisition card (DeweSoft TM) was used to realize the program control and data
acquisition.

To research the effect of connected vessels structure on methane explosion (purity:
99.99%), four kinds of connection forms were selected. The connection between the
vessel (spherical and cylindrical vessels) and bifurcated pipe is shown in Fig. 3.2.
It consisted of a L-type connected vessels (Fig. 3.2a), two T-type connected vessels
(Fig. 3.2b, ¢), and a Y-type connected vessels (Fig. 3.2d). The L-type connected
vessels (abbreviated as S-T system) was used to research the effects of bending
angle (0° < 6 < 180°), bending position (A, B, C and D) and vessel structure (vessel
shape and volume). The T-type connected vessels were divided into T-L-R (i.e., the
vessels connected at the left and right ends of pipe) and T-L-B (i.e., the vessels
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Fig. 3.1 Schematic diagram of the experimental apparatus

connected at the left and bottom ends of pipe) two connection types. The Y-type
connected vessels (abbreviated as Y-L-R system) were the connection of two vessels
forming a certain angle (6 = 150°). The specifics of experimental scheme are listed
in Tables 3.1 and 3.2. The inner diameter of main pipe which connected the two
vessels was 59 mm and connected with two vessels by the flange, and the pipe end
without connecting with any vessel was called bifurcated pipe. The ignition position
was located at the geometric center of primary vessel.
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Table 3.1 Experimental scheme for methane explosion characteristics of no-bifurcated pipe

Influence Experimental parameters
factor
Bending Primary vessel (V = 22 L), secondary vessel (V = 11 L), cylindrical vessel, pipe
angle length (L = 2 m), central bending of pipe

Al A2 A3 A4 AS A6

30° 45° 60° 90° 120° 180°
Bending Primary vessel (V = 22 L), secondary vessel (V = 11 L), cylindrical vessel, pipe
position length (L = 6 m), bending angle (0 = 90°)

L1 L2 L3 L4

Om Im 3m S5m
Vessel Primary vessel (V = 55 L cylindrical vessel), straight pipe connection (L =2 m)
stucture | gecondary | SV1 SV2 SV3 SV4

vessel 22L 22L 113L 113L

spherical cylindrical spherical cylindrical

Table 3.2 Effect of the primary vessel structure on Ppyax and (dP/dt)max of the two vessels

Secondary vessel

55 L cylindrical vessel

Primary vessel 22L 22L 113L 113L
spherical cylindrical spherical cylindrical
Prax (MPa) Primary 0.67 0.63 0.71 0.69
vessel
Secondary 0.76 0.65 1.13 0.86
vessel
(dP/dt)max Primary 32.5 29.1 27.4 24.9
(MPas™1) vessel
Secondary 374 31.0 34.6 29.7
vessel

The premixed gas of a certain concentration (9.5% vol% of methane) was prepared
inside the connected vessels. To ensure good mixing of methane and air, the experi-
mental apparatus was filled with premixed gas by an automatic gas distribution device
after achieving a certain vacuum degree (RCS20006). The premixed gas was stood
for 30.0 min to ensure uniform mixing. And the absolute pressure of premixed gas
before ignition was 0.10 MPa. The overpressure and flame signal data were obtained
and analyzed by the program control and data acquisition system. Each experiment
of the same condition was repeated 5—6 times to avoid the effects of accidental factors
and ensure result accuracy.
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3.2 Effect of Connected Vessels Structure on Gas Explosion

3.2.1 Pipe Bending Angle

Straight pipe (S-T system) was adopted to study the influence factor of methane
explosion characteristics inside the connected vessels, as shown in Fig. 3.2a. The
experimental scheme was shown in Table 3.1. Figure 3.3 shows the overpressure
histories at different positions (Position A, B, C and D) inside the 90° bending angle
connected vessels with time. The P, before the bending point (P(gymax = 0.76 MPa)
presented an increasing trend compared with the Py, inside the primary vessel
(Paymax = 0.72 MPa). It was because that the explosion flame inside the primary
vessel after ignition entered the pipe and accelerated along pipe due to the self-
acceleration of flame inside the pipe [1]. The overpressure did not change obviously
(Pc)max = 0.76 MPa) due to the combined action of energy loss caused by the
wall blocking (weakening flame propagation capacity) and the flame enhancement
caused by the turbulence effect of bending pipe (accelerating flame propagation)
[2]. The pressure inside the secondary vessel was increased significantly (Ppymax =
1.09 MPa) due to the acceleration of the flame inside the pipe and the enhancement
of flame disturbance caused by the sudden increase of propagation space as the
flame discharged to secondary vessel. An additional effect which also affects the
pressure increase in the secondary vessel was the compression of gases ahead the
flame front inside the secondary vessel. The pressure history inside the primary vessel
was smooth without obvious oscillation phenomenon. However, the propagations of
flame front and pressure wave could be significantly affected due to the action of
bending pipe, resulting in an obvious oscillation phenomenon during the pressure
history rise at bending position (Position B and C). Besides, the pressure history
inside the secondary vessel appeared a periodic oscillation during the descending
stage. It was because that the coupling effect between the pressure wave and flame
front was enhanced due to the sudden increase of propagation space as the flame
discharged to the secondary vessel, resulting in the trend of pressure history periodic
oscillation decreasing.

Figure 3.4 shows the effects of pipe bending angles on the P, at different
positions (Position A, B, C and D) inside the connected vessels. The Py,,x of four
positions presented a trend of rising firstly and then decreasing with the decrease of
pipe bending angle. Under 90° bending angle, the Py, inside the connected vessels
(Position A, B, C and D) reached the maximum. P, inside the secondary vessel was
greatest under different bending angles, and the change was also most significantly.
Enhancement of flow field disturbance effect resulted in the flame propagation behind
the pipe bending point was increased obviously, further resulting in a greater pressure
inside the secondary vessel. As 6 <90°, P, of pipe bending point back end (Position
C) was obviously smaller than those of the primary vessel (Position A) and bending
point front end (Position B). As 6 >90°, the Py,ax presented an opposite phenomenon.
It was because that a high-pressure zone appeared in the bending point back end as 6
> 90°, resulting in the greater pressure in this zone. As the bending angle decreased,
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the high-pressure zone gradually moved toward the bending point and crossed the
bending point to its front end. Therefore, the P« of the bending point back end was
lower than that of front end as 6 < 90°.

The voltage signal was generated as the explosion flame passed through the flame
detector. Figure 3.5 shows the voltage signal histories at different positions inside
the connected vessels (0 = 90°). The voltage signal rise moments of four positions
(the primary vessel, bending point front end, bending point back end and secondary
vessel) were f1, to, t3 and 74, respectively (| < f; < t3 < t4). The time that the flame
propagated from the primary vessel to bending point front end (A¢; = 13.0 ms) was
significantly greater than the time that the flame propagated from the bending point
back end to secondary vessel (At3 = 5.7 ms), and the time for the flame passed through
the bending point was 4.2 ms (Af,). It indicated that the turbulence disturbances of
the flame and unburned gas were enhanced as the flame passed through the bending
point, further resulting in the increase of flame propagation velocity [3].

The v, under different pipe sections can be obtained through the distance of
adjacent flame detector (Positions A, B, C and D) and the time that flame propagated



28 3 Structure Effect of Connected Vessels on Gas Explosion Characteristics

Fig. 3.5 Voltage signal 0.6
histories at different 04l N
positions inside the ,
connected vessels (0 = 90°) 0.2 i %

i Secondary vessel

(1Y) —— PN
0.6 '

After bending point

0.4

02

0.0
0.6 !

4

Before bending point

Voltage /V

0.4

__!_‘_,A._____<_.A_

1o

0.2

0.0 :
0.6 o

1

Primary vessel
0.4 -

0.2 :_—{\/\NLN ;
0.0 -
1

0 10 20 30 40 50
Time/ms

atthe two adjacent points. Figure 3.6 shows the various of v,y inside the different pipe
sections under six bending angles (6 = 30, 45, 60, 90, 120 and 180°). The bending
angle had a small effect on the v,,, between the primary vessel and bending point. It
was because that the blocking and reverse propagating of flame and pressure wave
by the pipe bending wall surface were enhanced as the decrease of bending angle,
resulting in a slight decrease of v, [4]. And the v, presented a similar various
trend under the bending point. The flame turbulence intensity presented the increase
of different degrees due to the effect of bending angle, which resulted in the flame
propagation velocity difference. Between the bending point and secondary vessel,
the v, presented a trend of rising firstly and then decreasing with the decrease of
bending angle. And the v,y was the greatest under 90° bending angle. It indicated
that the combined effects of turbulent disturbance of the pipe on the flow field and
the energy absorption of wall surface on the flame resulted in the most significant
increase in flame propagation velocity at this bending angle.

3.2.2 Pipe Bending Position

Figure 3.7 shows the effect of pipe bending position (distance from the end of primary
vessel (L) =0, 1, 3 and 5 m) on Py, inside the primary and secondary vessels. It can
be seen that the Py, inside the secondary vessel was significantly greater than that
of primary vessel. Py, inside the primary vessel showed a slight increase trend with
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the increase of pipe bending position. However, P, inside the secondary vessel
presented a decreasing trend, and it was obviously higher than without bending
point. Meanwhile, the overpressure rising rate could be obtained by the derivation
of pressure history with time [5]. The (dP/dt)ma.x presented a similar variation trend.
As the bending point existed, (dP/dt)n,x inside the primary vessel was increased
by 13% and 6% and (dP/dt)max inside the secondary vessel was decreased by 18%
and 23% respectively with the increase of bending position. Nevertheless, the (dP/
df)max inside the secondary vessel was greater compared with the primary vessel.
And the both were larger than without bending point ((dP/dt)max (primary vessel)
= 38.6 MPa s™!, (dP/dt)nax (secondary vessel) = 139.0 MPa s~!). It indicated
that the pipe bending could significantly affect the explosion flow field inside the
connected vessels and the flame propagation inside the pipe. And the disturbed
flame was accelerated significantly inside the pipe, resulting in a higher pressure
inside the secondary vessel with increase of the distance between the bending point
and secondary vessel.
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Figure 3.8 presents the effect of pipe bending position on the v,y inside the
connected vessels. It can be seen that the v,,, was increased significantly as the pipe
bent. Flame propagation velocity reached maximum inside the connected vessels as
the bending position was far away from the end of secondary vessel (L = 1 m). It
indicated that the length of turbulent flame accelerating propagation was increased
inside the pipe as the increase of distance between the bending position and secondary
vessel, resulting in a higher flame propagation rate. With the reduction of distance (L
= 3 and 5 m), the length of turbulent flame accelerating propagation was decreased
inside the pipe. And it further resulted in the reduction of v,y.. As the pipe bending
position moved back, the 5 m bending position showed a greater v,y compared with
the 3 m bending position due to a combination of flame self-acceleration inside the
pipe and turbulent disturbance caused by the bending pipe.

3.2.3 Vessel Shape and Volume

The effect of vessel structure on the overpressure inside the connected vessels was
studied by changing the primary and secondary vessel structures (volume and shape),
as shown in Fig. 3.2a. The experimental scheme was shown in Table 3.1. Figure 3.9a,
b shows the effect of secondary vessel structure on Py,,x and (dP/dt)max inside the
primary and secondary vessels.

As can be seen from Fig. 3.9a, the shape of the secondary vessel had a small
effect on the P« inside the primary vessel, but it had a larger effect on the Py«
inside the secondary vessel under the same secondary vessel volume. Meanwhile, the
P« inside the spherical secondary vessel was larger compared with the cylindrical
secondary vessel. Under the same secondary vessel shape, the P, inside the large
volume secondary vessel corresponding to the primary and secondary vessels was
larger than that of the small volume secondary vessel. It indicated that the volume of
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Fig. 3.9 a Effect of the secondary vessel structure on the Pp,ax inside the primary and secondary
vessels. b Effect of the secondary vessel structure on the (dP/df)max inside the primary and secondary
vessels

the secondary vessel had a greater effect on the explosion intensity inside the primary
and secondary vessels. The effect extent of secondary vessel shape was related to its
volume. The effect of larger volume secondary vessel was more significant, and the
effect of spherical vessel was greater than that of cylindrical vessel. As can be seen
from Fig. 3.9b, the spherical secondary vessel corresponding to the (dP/dt)y,x inside
the primary and secondary vessels was larger under the same volume secondary vessel
compared with the cylindrical secondary vessel. Under the same shape secondary
vessel, the small volume secondary vessel (V = 22 L) corresponding to the (dP/
dt)max inside the primary and secondary vessels was larger compared with the large
volume secondary vessel (V = 113 L). It indicated that the small volume secondary
vessel had a large effect on the pressure rise inside the primary and secondary vessels,
and that the effect of spherical secondary vessel was more significant.

Table 3.2 shows the effect of primary vessel structure on the Py« and (dP/dt)yax
inside the primary and secondary vessels. As can be seen from Table 3.2, the Ppax
of the spherical primary vessel corresponding to the primary and secondary vessels
was larger under the same volume primary vessel compared with the cylindrical
vessel. And the change of P, inside the secondary vessel was more significant.
Under the same shape primary vessel, the large volume primary vessel (V =113 L)
corresponding to the P,,x was larger compared with the small volume primary vessel
(V =22 L). And the change of P, inside the secondary vessel was also more
significant. It indicated that the structure of primary vessel had a greater impact on
the pressure inside the secondary vessel, and it was shown that the large volume
spherical primary vessel had the greatest effect on the explosion intensity inside the
secondary vessel. Meanwhile, the small volume primary vessel corresponding to the
(dP/dt)max inside the primary and secondary vessels was larger compared with the
large volume primary vessel under the same shape primary vessel. Under the same
volume primary vessel, the effect of spherical primary vessel on the pressure rising
rate was greater. And it was shown that the spherical primary vessel corresponding
to the (dP/dt)max Was larger. Above results showed that the spherical primary vessel
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had a greater effect on the pressure rise inside the primary and secondary vessels,
and the effect of small volume vessel was more significant.

3.3 Effect of Bifurcated Structure on Gas Explosion

3.3.1 T-L-R Connected Vessels

A T-L-R type connected vessels was adopted to study the effect of bifurcated pipe
on the methane explosion inside the connected vessels and the experimental appa-
ratus was shown in Fig. 3.2b. The experimental scheme was shown in Table 3.3.
Figure 3.10 shows the overpressure histories at different positions inside the T-L-R
connected vessels with time. The pressure histories of primary vessel (Position A),
the bifurcated front (Position B) and back (Position C) were similar. However, the
pressure was increased slightly due to the acceleration effect of pipe for the explo-
sion flame (from 0.62 to 0.65 MPa). Compared with the non-bifurcated pipe (in
Fig. 3.3), the pressure inside the secondary vessel was significantly reduced from
1.09 to 0.90 MPa. It was because that most of the flame and pressure wave propa-
gated to the secondary vessel along the main pipe and part of them propagated to
the bifurcated pipe, resulting in the reduction of the energy propagated to secondary
vessel. Meanwhile, the pressure histories at the bifurcated point (Position E) and
end (Position F) was almost the similar. But it was significantly lower than the pres-
sures inside the main pipe and secondary vessel. This also indicated that the flame
propagation energy entered bifurcated pipe was lower than that of main pipe. Due to
the deformation and superposition of flame and pressure wave, an obvious pressure
history oscillation appeared at the bifurcated point (Position E). Besides, the pressure
history inside the bifurcated pipe end (Position F) appeared a rebound phenomenon
(in Fig. 3.10). It was because that the explosion flame and pressure wave occurred
accumulation and back-propagation due to the blocking of flange end [6].

Figure 3.11 shows the voltage signal histories at different positions inside the
T-L-R connected vessels with time. The signal was detected by the flame detector
inside the primary vessel at 5.2 ms after ignition. At 16.7 ms, the flame propagated
to bifurcated pipe front, which was the initial stage of flame propagation with a slow
propagation velocity. After that, the flame rapidly propagated to the Position C due
to the disturbance effect of bifurcated pipe. And the flame inside the bifurcated pipe

Table 3.3 Experimental scheme for gas explosion characteristics of bifurcated pipe

Experimental apparatus Primary vessel (V = 22 L), secondary vessel (V = 11 L),
cylindrical vessel, pipe length (L = 2 m), central bending of pipe,
bifurcated pipe length (L = 1 m)

Connection form S1 S2 S3 S4
S-T system | T-L-R system | T-L-B system | Y-L-R system
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Fig. 3.10 Overpressure at different positions inside the T-L-R connected vessels with time

also propagated to the Position E at this moment. The two points corresponding to
the rise moment of signal history were 19.9 ms and 21.7 ms respectively. The times
for the flame reached the bifurcated pipe end and secondary vessel were almost the
same (t = 27.0 and 27.6 ms). Besides, the voltage signal history of bifurcated pipe
end appeared two obvious rise processes (in Fig. 3.11). It indicated that the flame
occurred back-propagation due to the blocking of flange end. This further explained
that the pressure rebounded at the bifurcated pipe end (Position F) resulted from the
back propagation of flame (in Fig. 3.10).

3.3.2 T-Type Connected Vessels

The T-type connected vessels (S-T, T-L-R and T-L-B systems) was adopted to study
the effect of bifurcated pipe connection form on methane explosion, as shown in
Fig. 3.2a—c. The experimental scheme was shown in Table 3.3. Figure 3.12a shows the
effect of bifurcated pipe connection form on the Py, at different positions (Position
A-F). The three connection forms had a small impact on the P, of Position A,
B and C inside the connected vessels. However, it had a great impact on the Py
of Position D, E and F inside the bifurcated pipe and secondary vessel. For the
Prax inside the secondary vessel, T-L-R connection form showed the greatest Py,
followed by the S-T connection form. And the smallest P,x appeared in T-L-B
connection form. Meanwhile, the Py,,x inside the bifurcated pipe (Position E and F)
of T-L-B connection form was larger (i.e. the horizontal bifurcated pipe) compared
with the T-L-R connection form. It indicated that the connection form of connected
vessels had a great impact on the pressures inside the secondary vessel and bifurcated



34 3 Structure Effect of Connected Vessels on Gas Explosion Characteristics

Fig. 3.11 Voltage signal 0.9
histories at different 0.6
positions inside the T-L-R 0.3
connected vessels
0.0
0.9 L
0.6
03 F

0.0
0.9 L

0.6 |
03

0.0
0.9 . L

0.6 |- A After bifurcated

03 F

0.0
0.9 - n

0.6 | . An
03} i 'IK\

0.0 :

0.9 : 1 . L . L 1

0.6 F Primary vessel

03 F !

0.0 v M
0 10 20 30 40 50
Time/ms

Secondary vessel

T

Voltage /V

i 1 i
Before bifurcated

pipe, and it had a small impact on the pressure inside the main pipe of bifurcated point
front. The above phenomenon was due to the shunt effect of bifurcated pipe. Part of
the flame and pressure wave would change the propagation direction and propagate
along the bending pipe, while most of the flame and pressure wave would keep the
initial direction and continue to propagate along the horizontal pipe. This resulted
in a higher overpressure inside the horizontal pipe and a lower overpressure inside
the bending pipe. Meanwhile, it was shown that P, inside the secondary vessel of
T-L-R connection form was significantly greater than that of S-T connection form
due to the combined effects of turbulence enhancing and shunt weakening inside the
bifurcated pipe on the explosion flow field [7].

The effect of bifurcated pipe on explosion intensity could be directly reflected by
the overpressure rising rate. Figure 3.12b shows the effect of T-type connection form
on the (dP/dt)max at different positions inside the connected vessels (Position A-F).
The greatest (dP/dt)max appeared in the four positions (A-D) of S-T connection form,
followed by the T-L-R connection form. And the smallest (dP/dt)n,x appeared in the
T-L-B connection form. It indicated that the pressure rising rate inside the connected
vessels was greatest without bifurcated pipe. This was because that the shunt of part
of flame and pressure wave resulted in the weakening of flame and pressure wave
energy during the propagation due to the presence of bifurcated pipe. However,
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Fig. 3.12 a Effect of bifurcated pipe connection form on the Pp,x inside the connected vessels
(Position A, B, C, D, E and F). b Effect of bifurcated pipe connection form on the (dP/dt)max inside
the connected vessels (Position A, B, C, D, E and F)

most of the flame and pressure wave would still maintain the initial direction and
continue to propagate along the horizontal pipe although shunt effect occurred. It
made that the (dP/dt)m.x at the four Positions (A-D) of T-L-R connection form was
significantly larger than that of T-L-B connection form. It was also shown that the
(dP/dt)max of bifurcated pipe (Position E and F) in the T-L-B connection form (i.e. the
horizontal bifurcated pipe) was significantly greater than that of T-L-R connection
form corresponding two positions.

Figure 3.13 shows a comparison of the v,,. of each section inside the connected
vessels. The vy, of A-B and C-D sections inside the T-L-R connected vessels was
significantly larger than that of the corresponding section inside the T-L-B and S-T
connected vessels. The v,,. of A—B section inside the T-L-B and S-T connected
vessels was almost the same. However, the v, of C-D section inside the S-T
connected vessels was slightly increased. It was because that the reverse restraint
effect of S-T connection form secondary vessel on the flame and pressure wave
inside the C-D pipe was smaller, so that the flame could be rapidly discharged to
a relatively large space after accelerating propagation inside the pipe. The energy
propagated to secondary vessel was reduced due to the shunt effect of bifurcated pipe
although the disturbance of bifurcated pipe on the flow field could enhance the flame
propagation velocity, thus showing a slight reduction in flame propagation rate under
the C-D section of T-L-B connection form. As the bifurcated pipe existed, most of
the flame and pressure wave propagation would remain along the initial direction
(i.e. horizontal pipe propagation). Therefore, the v, of the E-F section inside the
T-L-B bifurcated pipe was significantly greater than that of corresponding to the
T-L-R bifurcated pipe.
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3.3.3 Comparison of T and Y Connected Vessels

T and Y connected vessels (S-T, T-L-R and Y-L-R system) were adopted to study
the effect of bifurcated pipe angle on the methane explosion, as shown in Fig. 3.2a,
b and d. And the experimental scheme was shown in Table 3.3. Figure 3.14a shows
the effect of bifurcated pipe angle on the P, inside the connected vessels. The Pyyax
of T-L-R connection form was greatest, and the Pp,x of S-T connection form was
smallest inside the secondary vessel under different connection forms. It indicated
that the increase of bifurcated pipe energy shunt (the increase of bending angle)
resulted in an obvious reduction in the energy propagated along the main pipe due to
the presence of Y-L-R connected vessels main pipe bending angle compared with the
T-L-R connected vessels. Effects of different connection forms on the P, inside the
primary vessel (Position A) and the main pipe (Position B and C) were not significant.
However, the P, inside the connected pipe (Position E and F) was greater under
the Y-type (Y-L-R system) connection form compared with T-type (T-L-R system)
connection form. This indicated that the energy shunt of Y-type (Y-L-R system)
connected vessels bifurcated pipe was increased as it tended to be parallel to the
main pipe, which showing a larger Py, [8]. This also indicated that the presence of
bifurcated pipe could affect the energy shunt of explosion flow field and the shunt
extent was related to the pipe bending angle, further affecting the overpressure inside
the pipe.

Figure 3.14b shows the effect of bifurcated pipe angle on the (dP/dt)n,y inside the
connected vessels. The (dP/dt)m.x Was the greatest at the main pipe four positions
(Position A, B, C and D) inside the S-T connected vessels, followed by the T-L-R
vessel. And the smallest value appeared in the main pipe inside the Y-L-R vessel. It
indicated that the energy of explosion flow field inside the main pipe was reduced
due to the presence of the bifurcated pipe, further resulting in an obvious reduce
of pressure rising rate. Meanwhile, the presence of main pipe bending angle and
its increase would further reduce the energy of flow field inside the main pipe,
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Fig. 3.14 a Effect of bifurcated pipe angle on the Py, inside the connected vessels. b Effect of
connected pipe angle on the (dP/dt)max inside the connected vessels

resulting a smallest (dP/dt)max appearance inside the Y-L-R connected vessels main
pipe. For the T and Y bifurcated pipes, the (dP/dt)max inside the Y-L-R connected
vessels bifurcated pipe (Position E and F) was significantly greater than that of T-L-R
connected vessels, which also indicated that energy shunt was an important effect
factor for the pressure rising rate inside the pipe.

Figure 3.15 shows the effect of bifurcated pipe angle on the v, of each section
inside the connected vessels. The v,y inside the A—B and C-D sections of T-type
(T-L-R system) connected vessels main pipe were greater than those of the corre-
sponding positions inside the Y-type (Y-L-R system) connected vessels main pipe,
and the smallest v, appeared in the S-T connected vessels main pipe. However, the
Vave inside the Y-type connected vessels bifurcated pipe was greater compared with
the T-type connected vessels. This indicated that the turbulence effect of different
extent resulted from the bifurcated pipe structure was an important influence factor
for the flame propagation rate. Besides, the bifurcated pipe structure could also lead
to the obvious change of interaction among compression wave, sparse wave and
reflection wave at the pipe bending position.

The explosion flow field at the pipe bending position could be affected by the
interaction among compression wave, sparse wave and reflection wave [9]. A local
high-pressure zone was formed at the concave wall surface of bending position due
to the superposition of compression and reflection waves, which blocking the flame
propagation [10]. Meanwhile, the high-pressure zone moved at the pipe bending
position with the change of bending angle, which further affecting the flow field. At
the convex wall surface of pipe bending position, the flow velocity of premixed gas
was accelerated due to the stretching effect of sparse wave [11]. Hence, the flame front
occurred deformation and wrinkle, resulting in the increases of flame surface area
and methane combustion rate under the combined effect of multiple wave systems.
And the flame propagation velocity and overpressure were gradually enhanced with
the increase of flame front turbulence intensity. The pipe bending position could
affect the moment of flame turbulent acceleration propagation, further affecting the
explosion intensity. Meanwhile, the flame and pressure wave were blocked by the
pipe bending wall surface and propagated reversely, which also significantly affect
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the explosion intensity inside the pipe. Besides, part of free radicals produced from
the reaction process would be terminated due the wall effect after impacting with
the wall surface according to the theory of branched chain reaction (H-, OH:, CH30-
and CHj3-) [12, 13]. The amount of free radical destruction could be changed by
influencing the area and frequency of flame collision with the wall surface due to the
changes of pipe bending angle, position and structure, as shown in Fig. 3.16. Hence,
different explosion intensity was presented inside the connected vessels under the
combination of above effects.

The existence of bifurcated pipe could result in the energy shunt of explosion flow
field inside the main pipe. And the shunt extent was related to the bifurcated pipe
angle and connection form, which further affected the explosion intensity inside
the main and bifurcated pipes. Part of flame and pressure wave could change the
propagation direction and propagate along the bending pipe, while most of them will
maintain the initial direction and continue to propagate along the horizontal pipe
as the bifurcated pipe existed [14]. It made a higher pressure in the horizontal pipe
than that in the bending pipe. The energy in flame propagation along the main pipe

(a) 6 =120° (b) 6 =45°

Fig. 3.16 Schematic diagram of free radical propagation collision at pipe bending position
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was weakened due to the shunt effect of bifurcated pipe. However, the presence of
bifurcated pipe would also affect the flow field inside the pipe and generate a greater
turbulent disturbance effect [7, 15], further resulting in the significant increases of
flame propagation velocity and overpressure. Hence, the effect of bifurcated pipe on
the explosion intensity inside the connected vessels depended on the combined effect
of the turbulent disturbance enhancing and the shunt weakening on the explosion flow
field.
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Chapter 4 ®
Scale Effect of Gas Explosion oy
in the Confined Space

4.1 Experimental Apparatus and Methods

4.1.1 Experimental Apparatus

Based on the linked gas explosion system, the scale effect on premixed methane—
air explosion in linked device was studied. The physical diagram and schematic of
experimental apparatus were shown in Figs. 4.1 and 4.2.

The vessels and connected pipes were consist of 16 Mn III vessel steel, with a
design pressure of 20 MPa. The flange opening can be sealed with a blind plate
(material Q345R). The volume of cylindrical vessels was 11, 22, 55 and 113 L with
an aspect ratio of 1:1. The length of each pipe was 2 m, and the inner diameters were
20,59, 108 and 133 mm. Six kinds of gradient pipes with different specifications were
used in the experiments to change the inner diameter of the pipe. A 2X-8GA vacuum
pump and an RCS2000-B gas dispenser were used to configure the gas mixture in the
experimental setup. An adjustable high-energy igniter, type KTD-A, was used for
ignition, with an ignition energy range of 5-20 J. High-frequency dynamic pressure
sensors, type HM90H2-2-V2-F10-W2, were mounted on the walls of the vessel and
pipes to collect the overpressure. A DEWE SIRIUS type data acquisition instrument
was used for data acquisition.

4.1.2 Experimental Methods

Firstly, connect the vessel and the pipe through flanges and fasteners, install sensors,
ignition rods, inlet and outlet valves, then check the air tightness of the experimental
system and the status of each part. Turn on the vacuum pump and reduce the pressure
inside the experimental apparatus to — 0.09 MPa. Methane of 10% concentration
was fed into the experimental setup through the gas mixer. When the pressure reaches
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Fig. 4.2 Schematic diagram

0 MPa, turn off the gas mixer and let it sit for 5 min. Then ignite the gas and collect
the overpressure. Opening the inlet and outlet valves of the device, using the air
compressor to purge the experimental device, and then proceeding to the next set of
experiments.
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4.1.3 Experimental Conditions

The experiment was carried out at normal temperature (25 °C) and pressure
(0.1 MPa). Methane—air mixture (10%) was adopted during the experiment. Igni-
tion position was in the center of the vessel, and the ignition energy was 5 J. The
specific experimental program was shown in Tables 4.1, 4.2 and 4.3. This experi-
ment mainly studies the effects of changes in duct length, duct inner diameter, and
volume ratio of primary and secondary vessel (V{/V;) on the explosion characteris-
tics of premixed methane—air in the linked vessel. Each group of experiments was
repeated three times, and the average value was taken to ensure the accuracy of the
experimental data. The schematic diagrams of the experimental device structure were
shown in Figs. 4.3 and 4.4.

4.2 Scale Effect of Single Vessel Structure

In this section, four cylindrical vessels of different volumes (11, 22, 55 and 113 L)
were selected, and a central ignition method was adopted. The pressure transducers
were installed at the center of the side wall of the vessel. Figure 4.5 shows the change
in the overpressure of premixed methane—air in cylindrical vessels with different
volume, and the maximum overpressure (Pp,,) and maximum rate of pressure rise
((dP/dt)max) were shown in Table 4.4. It can be observed in Fig. 4.5 that the over-
pressure in four vessels of different volumes increased sharply and rapidly decreases
upon reaching Pp,.x. According to Table 4.4, with the increase of vessel volume,
the P, inside the vessel increased from 0.63 to 0.66 MPa, while the (dP/df)max
decreased from 12.64 to 5.96 MPas™'.

Table 4.1 Single vessel

No. | Selection of vessel Position of sensor
structure

KO1 | 11L vessel Central wall of the vessel

K02 |22 L vessel Central wall of the vessel

K03 |55 L vessel Central wall of the vessel

K04 | 113 L vessel Central wall of the vessel

K05 |L=2m,D =59 mm pipe | One end of pipe
K06 |L=4m,D =59 mm pipe |Pipeend
K07 |L=6m,D =59 mm pipe | Pipe end
K08 |L =8m,D =59 mm pipe | Pipe end
K09 |L=2m,D =20 mm pipe | Pipe end
K10 |L =2 m,D = 108 mm pipe | Pipe end
K11 |L=2m,D =133 mm pipe | Pipe end
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Table 4.2 Vessel-pipe structure

4 Scale Effect of Gas Explosion in the Confined Space

No. Volume of vessel (L) | Pipe length (m) | Pipe inner diameter | Position of sensor
(mm)
K12 11 2 20 Central wall of the
vessel + pipe end
K13 11 2 59 Central wall of the
vessel + pipe end
K14 11 2 108 Central wall of the
vessel + pipe end
K15 11 2 133 Central wall of the
vessel 4 pipe end
K16 11 4 59 Central wall of the
vessel + pipe end
K17 11 6 59 Central wall of the
vessel + pipe end
K18 11 8 59 Central wall of the
vessel + pipe end
K19 22 2 20 Central wall of the
vessel 4 pipe end
K20 22 2 59 Central wall of the
vessel + pipe end
K21 22 2 108 Central wall of the
vessel + pipe end
K22 22 2 133 Central wall of the
vessel + pipe end
K23 22 4 59 Central wall of the
vessel + pipe end
K24 22 6 59 Central wall of the
vessel 4 pipe end
K25 22 8 59 Central wall of the
vessel + pipe end
K26 55 2 20 Central wall of the
vessel + pipe end
K27 55 2 59 Central wall of the
vessel + pipe end
K28 55 2 108 Central wall of the
vessel + pipe end
K29 55 2 133 Central wall of the
vessel + pipe end
K30 55 4 59 Central wall of the
vessel + pipe end
K31 55 6 59 Central wall of the
vessel + pipe end
K32 55 8 59 Central wall of the

vessel + pipe end

(continued)
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Table 4.2 (continued)

No. Volume of vessel (L) | Pipe length (m) | Pipe inner diameter | Position of sensor
(mm)
K33 |113 2 20 Central wall of the
vessel + pipe end
K34 |113 2 59 Central wall of the
vessel + pipe end
K35 |113 2 108 Central wall of the
vessel + pipe end
K36 |113 2 133 Central wall of the
vessel 4 pipe end
K37 |113 4 59 Central wall of the
vessel + pipe end
K38 |113 6 59 Central wall of the
vessel + pipe end
K39 |113 8 59 Central wall of the
vessel + pipe end

Based on the experimental results, the following quantitative prediction models
were obtained:

Prax = 0.66695 — 0.05175 x 0.96791", R* = 0.99863 4.1)

(dP/df),, = 5.74098 + 9.64086 x 0.96902", R? = 0.99393 4.2)

where V (L) was vessel volume. The confidence coefficient R?> were both greater
than 0.9. Therefore, it can effectively predict the Pp,x and (dP/dt)max of methane—air
gas explosion in vessels of different volumes.

According to the data in Table 4.4 and the cube root law, the explosion indexes
K, were 2.81 MPams~!,2.91 MPam s~!, 2.88 MPam s~! and 2.88 MPa m s,
respectively. Due to certain experimental errors, it can be assumed that the overpres-
sure of premixed methane—air in this cylindrical vessel conforms to the “root of the
cube” law. Here, the average value of 2.87 MPa m s~! was taken as its explosion
index.
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Table 4.3 Vessel-pipe—vessel structure

No. | Vi/Va | Vi (L) | V2 (L) |Pipelength (m) |Pipe inner diameter | Position of sensor
(mm)

K40 |0.1 11 113 2 59 Central wall of the
vessel

K41 0.2 22 113 2 59 Central wall of the
vessel

K42 0.4 22 55 2 59 Central wall of the
vessel

K43 |0.5 11 22 2 20 Central wall of the
vessel

K44 |0.5 11 22 2 59 Central wall of the
vessel

K45 0.5 11 22 2 108 Central wall of the
vessel

K46 | 0.5 11 22 2 133 Central wall of the
vessel

K47 | 0.5 11 22 4 59 Central wall of the
vessel

K48 | 0.5 11 22 6 59 Central wall of the
vessel

K49 |0.5 11 22 8 59 Central wall of the
vessel

K50 |2 22 11 2 59 Central wall of the
vessel

K51 | 2.5 55 22 2 59 Central wall of the
vessel

K52 |5.1 113 22 2 59 Central wall of the
vessel

K53 [10.3 113 11 2 20 Central wall of the
vessel

K54 |10.3 113 11 2 59 Central wall of the
vessel

K55 |10.3 113 11 2 108 Central wall of the
vessel

K56 |10.3 113 11 2 133 Central wall of the
vessel

K57 1103 113 11 4 59 Central wall of the
vessel

K58 |10.3 113 11 6 59 Central wall of the
vessel

K59 [10.3 113 11 8 59 Central wall of the

vessel
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Fig. 4.3 Schematic of vessel-pipe structure

Fig. 4.4 Schematic of vessel-pipe—vessel structure
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Fig. 4.5 Overpressure histories in the cylindrical vessel with different volumes
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’ill‘izllesi‘t')./“(pfe?s) 111(;21)0121 a single Volume of vessel (L) | Pmax (MPa) | (dP/df)pax (MPas™1)
cylindrical vessel 11 0.63 12.64

22 0.64 10.41

55 0.66 7.58

113 0.67 5.96

4.3 Scale Effect of Pipe—Vessel Structure

4.3.1 Effect of Pipe Length

In order to study the effect of pipe length on the explosion intensity of premixed
methane—air in a vessel-pipe structure, this section utilized four types of single
cylindrical vessels (11, 22, 55, and 113 L) connected by pipes of four different
lengths (2, 4, 6, and 8 m) with the same inner diameter (59 mm). The ignition
point was located at the center of the cylindrical vessel, and pressure sensors were
positioned on the vessel wall and at the end of the pipe to collect data.

4.3.1.1 Overpressure in the Cylindrical Vessel

Figure 4.6 shows the variation of overpressure over time for premixed methane—air
in 11L (a),22L (b),55L (c), and 113 L (d) cylindrical vessels connected to pipes of
different lengths. The maximum pressure (Pp,x) and maximum rate of pressure rise
((dP/dt)max) were shown in Table 4.5. From Fig. 4.6 and Table 4.5, it was evident that
the pipe length has a significant impact on the explosion characteristics within the
cylindrical vessels. As the pipe length increased, P,y in all four vessels gradually
decreased, while ((dP/df)max) showed a trend of gradual increase.

In vessel—pipe structure, the change in pipe length made the scale effect of the pipe
more pronounced. The increase in pipe length resulted in a larger contact area between
the explosion flame and the pipe wall, leading to increased explosion energy loss and
decreased Pp,.x within the vessel [1-3]. Additionally, when the pipe length was
increased, a greatest reduction in Py, occurred in the 11 L cylindrical vessel, while
the reduction in the 113 L cylindrical vessel was relatively slower. This phenomenon
can be attributed to the larger volume of the 113 L cylindrical vessel, which leads to
a diminished pressure relief effect of the pipe on the Py, within the vessel [4-6].

According to the experimental results, in industrial production, connecting pipes
of a certain length to pressure vessels can exert a pressure relief effect, which can
effectively reduce the Py, in the pressure vessel following an explosion, thereby
protecting the vessel.
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Fig. 4.6 Overpressure in cylindrical vessels with varying pipe lengths for different volumes

Table 4.5 Overpressure in cylindrical vessels connected to pipes of different pipe lengths

Volume of vessel (L) Pipe length (m) 2m 4 m 6 m 8m
11 Prax (MPa) 0.56 0.54 0.51 0.48
(dP/dt)pmax (MPas™1) 16.25 18.28 20.86 23.89
22 Pax (MPa) 0.59 0.58 0.56 0.55
(dP/df)max (MPas™1) 14.16 16.03 19.10 21.74
55 Prax (MPa) 0.62 0.61 0.60 0.59
(dP/dt)max (MPas™!) 12.12 14.06 16.42 19.47
113 Pax (MPa) 0.64 0.62 0.62 0.61
(dP/df)max (MPas™1) 10.44 12.48 14.85 17.36

4.3.1.2 Overpressure at Pipe End

Figure 4.7 shows the overpressure histories at the end of the pipe 11, 22, 55, and
113 L cylindrical vessels connected to pipes of different lengths (2, 4, 6, and 8 m).
Prax and (dP/df)m,x were shown in Table 4.6. From Fig. 4.7 and Table 4.6, it can
be seen that when a single cylindrical vessel was connected to a pipe with the same
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Fig. 4.7 Overpressure histories at the end of pipes with varying pipe lengths for different volumes

inner diameter but different lengths, the change in pipe length has a significant scale
effect on the gas explosion at the end of the pipe. When the volume of cylindrical
vessels were 11 and 22 L, the P, at the end of the conduit gradually decreases
with the increase of pipe length, while the (dP/df)m.x gradually increases. However,
for cylindrical vessels with larger volumes of 55 and 113 L, Pyax and (dP/df)max
at the pipe end increase with the length of pipes. This was because the content of
premixed methane—air in vessels with larger volumes also increases, resulting in a
larger P« generated after an explosion. The longer the pipe was, the more obvious
the acceleration effect of the explosion flame, so the Py« also increases [7].

4.3.2 Effect of Pipe Inner Diameter

In order to analyze the effect of the inner diameter of the pipe on the explosion
characteristics inside the cylindrical vessel and at the pipe end in a cylindrical vessel—
pipe connection structure, four individual cylindrical vessels with different volumes
(11,22, 55, and 113 L) and four pipe connections with different inner diameters (20,
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Table 4.6 Overpressure at the end of pipes with varying pipe lengths for different volumes

Volume of vessel V (L) Pipe lengths L (m) 2m 4 m 6 m 8m

11 Prax (MPa) 0.69 0.65 0.63 0.60
(dP/dt)max (MPas™1) 27.42 47.57 89.95 127.41

22 Prax (MPa) 0.71 0.69 0.66 0.64
(dP/dt)max (MPa s™1) 19.29 40.53 78.07 119.50

55 Pmax (MPa) 0.72 0.73 0.77 0.80
(dP/dt)max (MPa s™1) 16.15 32.59 66.00 99.62

113 Prax (MPa) 0.73 0.77 0.83 0.89
(dP/dt)max (MPas™1) 12.50 25.50 43.49 85.81

59, 108, and 133 mm) and the same length (2 m) were selected in this section, and
the ignition position was located at the vessel.

4.3.2.1 Overpressure in the Cylindrical Vessel

Figure 4.8 shows the curves of overpressures of premixed methane—air in the cylin-
drical vessel as a function of time for 11, 22, 55 and 113 L cylindrical vessels
connected to pipes of the same length (2 m) with different inner diameters (20, 59,
108, and 133 mm). The P, and (dP/dt).x Were shown in Table 4.7. It can be seen
from Fig. 4.8 and Table 4.7 that the inner diameter of the pipe had a certain impact
on gas explosion inside cylindrical vessel, and with the increase in the inner diameter
of the pipe, the Py.x and (dP/df)max in the cylindrical vessel were increased.

4.3.2.2 Overpressure at Pipe End

Figure 4.9 shows the gas overpressure curves at the end of the pipe for different
volumes of 11, 22, 55, and 113 L cylindrical vessels connected to pipes of different
inner diameters. The maximum overpressure (Pp,x) and the maximum overpressure
rise rate ((dP/df)max) was shown in Table 4.8. As can be seen from Fig. 4.9 and
Table 4.8, the scale effect of gas explosion at the end of the pipe was observed
for a single cylindrical vessel linked to a 2 m pipe with various inner diameters
(20, 59, 108, and 133 mm). The maximum overpressure (Pp.x) and the maximum
overpressure rise rate ((dP/df)ma.x) at the end of the pipe exhibited an increase with
the inner diameter of pipes for cylindrical vessels of 11 and 22 L. However, it was
observed that the maximum overpressure (Pp,.x) decreased with the inner diameter
of the pipes, while the maximum overpressure rise rate ((dP/dt)m,x) increased with
the inner diameter of the pipes for cylindrical vessels of 55 and 113 L. This outcome
mirrored the overpressure variations observed at the end of the pipe in the preceding
section, indicating a correlation with the length-to-diameter (L/D) ratio of the pipe.
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Fig. 4.8 Overpressure histories with pipes of different inner diameters for different vessels volumes

Table 4.7 Overpressure in cylindrical vessel after connecting different inner diameter pipes

Volume of vessel V (L) | Inner diameter of pipesD |20 mm |59 mm | 108 mm | 133 mm
(mm)

11 Pax (MPa) 0.50 0.56 0.60 0.61
(dP/df)max (MPa s™1) 15.22 16.25 18.52 20.68

22 Pmax (MPa) 0.56 0.59 0.64 0.66
(dP/dt)max (MPas™1) 13.01 14.16 16.97 18.55

55 Pmax (MPa) 0.60 0.62 0.65 0.68
(dP/df)max (MPa s™1) 11.24 12.12 14.24 15.73

113 Pmax (MPa) 0.61 0.64 0.66 0.70
(dP/df)max (MPas™1) 9.27 10.44 12.65 13.28
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Fig. 4.9 Overpressure histories with different inner diameters at the pipe end

Table 4.8 Overpressure at the end of a vessel connected to pipes of different inner diameters

Volume of vessel V (L) | Inner diameter of pipes D |20 mm |59 mm | 108 mm | 133 mm
(mm)

11 Prax (MPa) 0.62 0.69 0.72 0.73
(dP/dt)max (MPa s™1) 25.86 2742 |29.76 32.14

22 Pmax (MPa) 0.68 0.71 0.76 0.79
(dP/df)max (MPas™!) 18.18 1929 |21.79 24.06

55 Prax (MPa) 0.74 0.72 0.65 0.63
(dP/dt)max (MPa s™1) 14.49 16.15 17.09 21.36

113 Pmax (MPa) 0.77 0.73 0.69 0.67
(dP/dt)max (MPa s™1) 11.50 12.50 16.73 20.56




54 4 Scale Effect of Gas Explosion in the Confined Space

4.4 Scale Effect of Vessel-Pipe—Vessel Connected Structure

4.4.1 Effect of Volume Ratio

To investigate the effect of the volume ratio on the explosion characteristics within
the vessel-pipe—vessel connected structure. In this study, four cylindrical vessels of
varying volumes (11, 22, 55, 113 L) were matched with a pipe having a diameter
of 59 mm and a length of 2 m. According to the experimental conditions, eight
volume ratios were selected for analysis: 0.1, 0.2, 0.4, 0.5, 2.0, 2.5, 5.0, and 10.3.
The overpressure histories under different volume ratios were shown in Figs. 4.10
and 4.11. The maximum overpressure (Pp,,) and the maximum overpressure rise
rate ((dP/dt)max) was shown in Table 4.9.

The scale effect of volume ratios on gas explosions within the linked structural
device was clearly observable. The maximum overpressure (P, ) and the maximum
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Table 4.9 The explosion intensities of methane—air premixed gases in different volume ratios

Volume ratio 01 |02 |04 |05 |20 |25 |50 |103

Primary | Pmax (MPa) 061 | 062 | 063 | 063 | 060 | 061 | 0.64 | 0.67

vessel (dP/dt)max 17.16 |20.36 [22.70 |24.72 |22.30 [20.24 |17.06 | 15.09
(MPas™1)

Secondary | Ppax (MPa) 0.63 | 064 | 0.65| 065 | 0.82 | 0.83 | 0.87 | 0.90

vessel (dP/df)max 20.58 |22.72 |26.45 |28.40 |44.98 |47.36 |53.89 |60.03
(MPas™1)

overpressure rise rate ((dP/df)y.x) increased with volume ratios in both the primary
and secondary vessels when the volume ratios were less than 1. When the volume
ratios exceed 1, the maximum overpressure (Pp,x) increased with volume ratios in
both the primary and secondary vessels. Nevertheless, the maximum overpressure
rise rate ((dP/df)m,x) increased with volume ratios in the primary vessel but decreases
with volume ratios in the secondary vessel.

Meanwhile, there is no significant oscillation of the overpressure curves in both
the primary and secondary vessels when the volume ratio was less than 1. Never-
theless, when the volume ratio was greater than 1, the overpressure curve exhibited
pronounced oscillations in both the primary and secondary vessels, particularly after
reaching Pp,.x. Subsequently, the oscillations gradually subsided as the explosion
advances.

Based on the experimental results, the following quantitative prediction model
was obtained.

The prediction model of explosion intensity in the primary vessel when the volume
ratio was less than 1 for methane—air premixed gases:

Prax = 0.61262 + 0.07061 — 0.0550%, RZ = 0.9775 (4.3)

(dP/d1),, = 14.72378 +29.2519% — 19.65A%, R> = 0.92022  (4.4)

The prediction model of explosion intensity in secondary vessel when the volume
ratio was less than 1 for methane—air premixed gases:

Poax = 0.63409 + 0.05411 — 0.016672.2, R* = 0.97906 4.5)

(dP/dt) . = 18.53324 +21.20271 — 3.0451%, R* = 0.99901 (4.6)

The prediction model of explosion intensity in the primary vessel when the volume
ratio was larger than 1 for methane—air premixed gases:

Prax = 0.57122 4+ 0.020131 — 9.53681 x 107*A%, R* = 0.98917 4.7)



56 4 Scale Effect of Gas Explosion in the Confined Space

(dP/dt),,,. = 26.51988 — 2.641371 + 0.14897A%, R* = 0.9411 (4.8)

The prediction model of explosion intensity in secondary vessel when the volume
ratio was larger than 1 for methane—air premixed gases:

Prax = 0.78 4+ 0.02392% — 0.001122%, R?> = 0.99404 (4.9)

(dP/d1),, = 37.6662 + 4.21402 — 0.1984222, R* = 0.99411 (4.10)

where A represented the volume ratios between the primary and the secondary vessels.
All the fitted models exhibited confidence coefficients exceeding 0.9, affirming the
predictive reliability.

4.4.2 Effect of Pipe Length

To investigate the effect of the pipe length on the explosion characteristics of the
primary and secondary vessels within the vessel-pipe—vessel connected structure,
two cylindrical vessels with volume ratios of 0.5 and 10.3 were paired with a pipe
of 59 mm diameter, featuring varying pipe lengths of 2, 4, 6, and 8 m.

The overpressure histories under different pipe lengths for volume ratios of 0.5
and 10.3 were shown in Figs. 4.12 and 4.13, respectively. The maximum overpressure
(Pmax) and the maximum overpressure rising rate ((dP/df)y,x) for volume ratios of
0.5 and 10.3 was shown in Tables 4.10 and 4.11, respectively.

It was evident from Figs. 4.12 and 4.13 that the scale impact of pipe lengths
on gas explosions under volume ratios of 10.3 and 0.5 was clearly visible. The
maximum overpressure (Pp,.x) increased with pipe lengths in both the primary and
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Fig. 4.12 Overpressure histories under different pipe lengths for volume ratios 0.5
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Table 4.10 Overpressure in pipes of different lengths at the volume ratio of 0.5
Volume ratios 0.5 Pipe lengths L (m) 2m 4 m 6 m 8m
Primary vessel Pmax (MPa) 0.63 0.66 0.69 0.70
(dP/dt)max (MPa s™1) 24.72 67.65 103.55 143.55
Secondary vessel Pax (MPa) 0.65 0.69 0.71 0.73
(dP/dt)max (MPa s™1) 28.40 56.44 81.40 104.13

Table 4.11 Overpressure pipes of different lengths at the volume ratio of 10.3

Volume ratios 10.3 Pipe lengths L (m) 2m 4m 6m 8m

Primary vessel Pmax (MPa) 0.67 0.72 0.77 0.83
(dP/d)max (MPa s~ 1) 15.09 42.30 76.22 102.31

Secondary vessel Prax (MPa) 0.90 0.96 1.15 1.39
(dP/df)max (MPa s~ 1) 60.03 90.93 161.46 236.69

secondary vessels for both volume ratios. In contrast, the oscillation of the overpres-
sure curve was minimal when the volume ratio was 0.5, whereas it becomes more
pronounced with a volume ratio of 10.3. This overpressure oscillation phenomenon
became increasingly noticeable with longer pipe lengths.

Table 4.10 shows that as the pipe length increases for 0.5 volume ratios, the
maximum overpressure (Pp,.x) increased from 0.63 to 0.70 MPa and the maximum
overpressure rise rate ((dP/df)pe) increased from 24.73 to 143.55 MPa s ! at
the primary vessel. The maximum overpressure (Pp.x) increased from 0.65 to
0.73 MPa and the maximum overpressure rise rate ((dP/df)m,x) increased from 28.40
to 104.13 MPa s~! at the secondary vessel. The maximum increase of (Pp.x) and
((dP/df)max) was 0.03 MPa and 39.41 MPa s~! for primary and secondary vessel,
respectively.
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It can be found from Table 4.10 that as the pipe length increases for 10.3 volume
ratios, the maximum overpressure (Pp,x) increases from 0.68 to 0.83 MPa and the
maximum overpressure rise rate ((dP/dt) ) increases from 15.09 to 102.31 MPa-s~!
at the primary vessel. The maximum overpressure (Pp,x) increased from 0.90 to
1.39 MPa and the maximum overpressure rise rate ((dP/df)m,x) increased from 60.03
to 236.69 MPa s~! at the secondary vessel. The maximum increase of (Ppax) and
((dP/dt)max) Was 0.56 MPa and 134.37 MPa s~! for primary and secondary vessel,
respectively.

As discussed above, there was a more obvious increase in overpressure for a larger
volume, which was more dangerous.

Based on the experimental results, the prediction models of Ppax, (AP/df)max Were
obtained.

The prediction model of explosion intensity in the primary vessel when the volume
ratio was 0.5 for methane—air premixed gases:

Prax = 0.59178 + 0.2377 x [ — 0.00123 x 12, R* = 0.99971 4.11)

(dP/d1),,,, = — 16.87828 +21.44731 x | — 0.18287 x I*, R*> = 0.99758 (4.12)

The prediction model of explosion intensity in the secondary vessel when the
volume ratio was 0.5 for methane—air premixed gases:

Prax = 0.61557 +0.02368 x [ — 0.00114 x [?, R* = 0.94056 (4.13)

(dP/dt),, = —2.0686 + 15.92222 x [ — 0.33145 x [*, R* = 0.99997  (4.14)

The prediction model of explosion intensity in the primary vessel when the volume
ratio was 10.3 for methane—air premixed gases:

Pax = 0.63978 4+ 0.01774 x [ +7.5625 x 107* x 12, R> = 0.99547  (4.15)

(dP/dt) o = — 16.29452 + 15.47227 x [ — 0.06933 x >, R* = 0.99276 (4.16)

The prediction model of explosion intensity in the secondary vessel when the
volume ratio was 10.3 for methane—air premixed gases:

Prax = 0.92595 — 0.03464 x [ +0.01176 x [*, R* = 0.99324 (4.17)

(dP/d1),,,, = 42.56353 +2.31987 x [ + 2.77059 x [*, R* = 0.99015  (4.18)

where [ (m) represents the pipe lengths, the confidence coefficients exceeding 0.9
affirm the predictive reliability.
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It clear that the explosion intensity increased with pipe lengths in both the primary
and secondary vessels. In particular, the overpressure occurred at the volume ratio
of 10.3 for the secondary vessel. This was because the accelerating effect of the pipe
on the explosion flame and pressure wave was more pronounced due to the increased
pipe lengths, resulting in a higher reaction rate and greater turbulence intensity.
Consequently, the explosion intensity of the methane—air premixed gas increased as
the pipe lengths extends.

4.4.3 Effect of Pipe Inner Diameter

To investigate the effect of the inner diameter of pipe on the explosion characteristics
of the primary and secondary vessels within the vessel-conduit—vessel connected
structure, two cylindrical vessels with volume ratios of 0.5 and 10.3 were paired
with a pipe length of 2 m, featuring varying inner diameter of pipe with 20, 59, 108
and 133 mm.

The overpressure histories for different inner diameters of the pipe at volume ratios
of 0.5 and 10.3 were depicted in Figs. 4.14 and 4.15, respectively. The maximum
pressure (Pp,x) and the maximum pressure rise rate ((dP/df)p,x) for volume ratios of
0.5 and 10.3 under various inner diameters of the pipe were presented in Tables 4.12
and 4.13, respectively.

It was evident from Figs. 4.14 and 4.15 that the scale impact of inner diameters of
the pipe on gas explosions under volume ratios of 10.3 and 0.5 was clearly visible.
The maximum overpressure (Pp,x) decreased with the pipe inner diameters in both
the primary and secondary vessels for both volume ratios of 10.3 and 0.5. Moreover,
the pressure oscillation phenomenon was more pronounced for the volume ratio of
10.3 in comparison to the volume ratio of 0.5. The most pronounced oscillation
occurred at the 20 mm inner pipe diameter, where Py, also increased from 0.70 to
0.94 MPa.
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Fig. 4.14 Overpressure histories with pipes of different internal diameters for volume ratios of 0.5
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Fig. 4.15 Overpressure histories with pipes of different internal diameter for volume ratios of 10.3

Table 4.12 Overpressure with pipes of different internal diameter for volume ratios of 0.5

Volume ratios 0.5 Pipe lengths L (m) 20 mm 59 mm 108 mm 133 mm

Primary vessel Pax (MPa) 0.67 0.63 0.60 0.58
(dP/dt)max (MPa s™1) 28.85 24.72 19.89 16.92

Secondary vessel Pmax (MPa) 0.70 0.65 0.63 0.61
(dP/df)max (MPas™1) 32.51 28.40 23.10 19.13

Table 4.13 Overpressure with pipes of different internal diameter for volume ratios of 10.3

Volume ratios 10.3 Pipe lengths L (m) 20 mm 59 mm 108 mm 133 mm

Primary vessel Pnax (MPa) 0.70 0.67 0.65 0.63
(dP/df)max (MPa s~ 1) 17.60 15.09 12.49 10.05

Secondary vessel Prax (MPa) 0.94 0.90 0.87 0.84
(dP/dt)max MPas™!) | 74.11 60.03 52.87 46.76

From Tables 4.12 and 4.13, it was evident that the maximum overpressure rise
rate ((dP/dt)max) decreases with the inner diameter of pipe in both the primary and
secondary vessels for volume ratios of 10.3 and 0.5. This reduces the risk of explosion
within the linked structure, and the minimized risk was achieved at 133 mm inner
diameter. Based on the analysis above, it can be concluded that the scale effect of the
inner diameter of the pipe was more significant at 10.3 volume ratios in comparison to
0.5 volume ratios. Therefore, the explosion hazard was less for larger pipe diameter
in the linked structure.

Based on the experiment result, the prediction model of Py, (dP/df)m.x can be
obtained.

The prediction model of explosion intensity in the primary vessel when the volume
ratio was 0.5 for methane—air premixed gases:
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Prax = 0.70361 — 0.00133 x d + 3.57356 x 107® x d%, R> = 0.98162 (4.19)

(dP/dp),,.. = 30.77257 — 0.09761 x d — 4.35831 x d*, R® = 0.99785 (4.20)
max

The prediction model of explosion intensity in secondary vessel when the volume
ratio was 0.5 for methane—air premixed gases:

Puax = 0.72211 — 0.0012 x d + 2.93706 x 107 x d*, R> = 0.95178  (4.21)

(dP/dt),, = 34.04322 — 0.07578 x d — 2.63747 x 10 x d2, R? = 0.99422
(4.22)

The prediction model of explosion intensity in the primary vessel when the volume
ratio was 10.3 for methane—air premixed gases:

P = 0.72265 — 8.48115 x 107* x d + 1.68748 x 107° x d?, R*> = 0.99476
(4.23)

(dP/dt) 0 = 18.44002 — 0.04414 x d — 1.31811 x 107* x d*, R* = 0.97608
(4.24)

The prediction model of explosion intensity in secondary vessel when the volume
ratio was 10.3 for methane—air premixed gases:

Prax = 0.95792 — 8.20475 x 10~ x d + 1.01892 x 1077 x d?, R* = 0.99147
(4.25)

(dP/dt),,, = 81.13481 —0.39916 x d +0.00111 x d* R?> = 0.95143 (4.26)

where d (m) represented the inner diameter, the confidence coefficients exceeding
0.9 affirm the predictive reliability.
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Chapter 5
DDT Propagation Characteristics of Gas | i
Explosion in the Confined Spaces

5.1 DDT Propagation Characteristics Inside the Linked
Vessel

5.1.1 Experimental Apparatus and Methods

The experimental system included vessel—pipe, gas distribution, data acquisition, and
ignition systems. Cylindrical vessels with equal length—diameter ratio were used in
the experiment and their volumes were 113 and 11 L. The length of the pipe was
2 m and the diameter of the pipe was 60 mm, with totaling four sections. All these
components were connected by flanges. Holes inside the vessels and pipes were used
to install pressure transmitters, flame sensors and ignition devices, which could be
connected according to the experimental needs. As shown in Figs. 5.1, 5.2 and 5.3,
pipes, a vessel connected with pipes, and two vessels connected with pipes were
selected; P in the figure represents a pressure sensor, and a flame transducer. The
distance between the measuring points was 1200 mm.

The ignition system was constructed using a high-energy electronic ignition device
(XDH-6L). The range of ignition energy was 0-5 J. The ignition position was on
the wall of 113 L cylindrical vessel or the left of the single pipe. A SY-9560 gas
sample compounder was used to obtain the methane—air mixture. A high-frequency
pressure transmitter (HM90H3-2) was used to measure the overpressure inside the
vessels. The pressure transmitter range was 0-5 MPa. The frequency response was
200 kHz. A CKG-100 flame sensor was adopted to measure the duration of the
flame. The pressure and temperature transducers were flush-mounted. A DEWE-
16 multichannel data acquisition instrument was used to match with the pressure
transmitters and flame sensors. The sampling rate of the data acquisition instrument
was 200 kHz. The vessels and pipes were vacuumed to 0.01 MPa and filled with
the stoichiometric concentration of methane—air mixture at 10% by the computer
automatic gas distribution system.
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Fig. 5.3 Schematics of two vessels connected with pipes

In an experiment, the cylindrical vessels and pipes were connected by bolts and
flanges. The vessels and pipe were vacuumed to 0.01 MPa and filled with 10%
methane concentration by the computer automatic gas distribution system. Then,
the ignition electrode mounted on the cylindrical vessel was discharged to generate
electric spark and ignite the premixed gas. At the same time, the recorder was trig-
gered to collect the signals of each pressure transmitter and flame sensor. After the
explosion, the combustion products were purged with fresh air by a compressor to
avoid the interference to next experiment.
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5.1.2 Numerical Simulation Model

5.1.2.1 Establishment of Numerical Model

FLUENT simulation software was used in this study. Considering the time cost and
axisymmetric structure of the pipes and linked vessels, a two-dimensional calcula-
tion was performed on the device (three-dimensional structure). A two-dimensional
model for the pipes and linked vessels was selected. In the modeling, a fluid—thermal—
solid interaction was set between the fluid and solid regions. The effects of heat
transfer, thermal radiation, and gravity were considered.

5.1.2.2 Computational Domain and Grid Partition

Considering the calculation convergence characteristic of the numerical simulation
and the accuracy of the simulation results, a tetrahedral mesh was adopted. The
time step was set to 107> s considering the accuracy and calculation time. When
deflagration was simulated in the linked vessels, the grid was set to 5 mm. Meanwhile,
the grid was set to 3 mm considering the special deflagration-to-detonation state. The
encryption of the grid enabled the DDT to be captured.

5.1.2.3 Numerical Simulation Method

In this study, the k—¢ model was adopted to describe the turbulence development
during the explosion of the methane—air mixture. The EDC model was adopted to
simulate the chemical reaction mechanism of gas combustion and explosion with
high accuracy. Combined with the two factors of calculation stability and accuracy
of calculation results, the transient term was calculated by the first-order implicit
method, and the SIMPLE algorithm was used in pressure—velocity coupling. The
density, energy, variable in reaction process, continuous, and dynamic equations
were solved through a second-order upwind. A pressure correction equation was
solved using the standard discrete analysis method.

5.1.2.4 Initial and Ignition Conditions

A 10% methane—air mixture was selected as the premixed gas. The initial time was
to, the initial temperature was set to 300 K, and the initial pressure was 0.08 MPa. A
range of 1/101in the center of the vessels was set as the ignition area with a temperature
of 2000 K to initiate a gas explosion.
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5.1.2.5 Validation of Effectiveness

To form linked vessels, 113 and 11 L cylindrical vessels were selected, and the
two vessels were connected to an 8 m pipe. The vessels were vacuumed and filled
with a 10% premixed methane—air mixture. The overpressure inside the vessels was
monitored. The comparison between the experimental and simulated overpressure
history curves are shown in Fig. 5.4.

The results in Fig. 5.4 show that the overpressure trends are the same. The deviation
of peak pressure obtained experimentally and numerically was 8.3%. It is reported
that the deviation between the experimental and numerical simulation results should
not exceed 10% [1]. Therefore, the numerical model established in this study is
effective.

5.1.3 Criteria for DDT in Linked Vessels

For methane—air mixtures to transition from deflagration to detonation, three main
criteria must be satisfied. The first was the CJ pressure criterion. The overpressure
was recorded to determine whether the overpressure has reached or exceeded the CJ
detonation pressure. The second was the CJ speed criterion. The pressure propagation
was recorded to decide whether the wave front propagation velocity has reached the
sound velocity of the combustion product, the steady explosion velocity during the
experiment, or the CJ detonation velocity. The third was the energy sudden criterion.
The pressure wave curve and flame propagation velocity are recorded to determine
whether the overpressure and flame propagation velocity change in magnitude. If the
three conditions above were satisfied, then the DDT will occur. At ambient temper-
ature, the CJ detonation pressure and CJ detonation velocity calculated theoretically
at 9.5% concentration were 1.86 MPa and 1987.40 m/s.
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Fig. 5.4 Comparison between experimental and numerical simulation results
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5.1.4 DDT Occurrence Condition in Different Structure

5.1.4.1 Pipe Structure

A 10% concentration of methane—air mixture was selected. For circular pipes of
diameter 60 mm, 4, 6, and 8 m pipes were selected for the experiment and 9, 10,
and 12 m for numerical simulation. The ignition position was on the wall of the
left pipe. The pressure value and average flame propagation velocity were measured.
Tables 5.1 and 5.2 show the maximum overpressure, distance from the ignition point,
and maximum flame propagation velocity in the pipe.

As shown in Table 5.1, with the increase in pipe length, the peak pressure in a
single pipe increased. As shown in Table 5.2, the flame propagation velocity was

Table 5.1 Maximum overpressure and its distribution in the single pipe

No. |Connection | Pipe Position of | Pressure | Maximum flame DDT
mode diameter | pressure peak propagation velocity | occurrence
(mm) peak (MPa) (m/s)
1 4 m pipe 60 P4 0.607 200 No
2 6 m pipe - P6 0.951 590 No
3 8 m pipe - P8 1.053 780 No
4 9 m pipe - P9 1.496 1105 No
5 10 m pipe - P10 1.671 1550 No
6 12 m pipe - P11 1.864 1906 Yes

Table 5.2 Maximum overpressure and its distribution inside the vessel-pipe structure

No. | Connection mode | Pipe Position of Pressure Maximum DDT
diameter | pressure peak |peak (MPa) | velocity (m/s) |occurred
(mm)
1 113 L vessel and | 60 P7 0.707 422 No
4 m pipe
2 113 L vessel and | — P9 1.153 1065 No
6 m pipe
3 113 L vessel and | — P11 2.106 1950 Yes
8 m pipe
4 113 L vessel and | — P13 2.053 1980 Yes
10 m pipe
5 113 L vessel and | — P15 2.174 2000 Yes
12 m pipe
6 113 L vessel and | 30 P14 2.108 1988 Yes
12 m pipe
7 113 L vessel and | 90 P9 2.018 1944 Yes
6 m pipe




68 5 DDT Propagation Characteristics of Gas Explosion in the Confined Spaces

low. When the pipe length is less than 8§ m, the maximum overpressure increases
less with the increase in pipe length. As the pipe length continues to increase, the
peak pressure and flame propagation velocity increase with the coupling of the flame
and the pressure wave. When the pipe length was 12 m, DDT occurred in the single
pipe. Methane is a low-reactive substance, and the length—diameter ratio required for
the DDT was larger than that of the active fuel (hydrogen, acetylene, etc.) because
the required acceleration section (induced distance for DDT) of the low-reactive
substance was long. However, at a certain pipe diameter, DDT occurred as the pipe
length increased.

As shown in Table 5.2, for the circular pipe with a diameter of 60 mm, the pipe
of the peak pressure in the linked vessels increased with the pipe length. When the
vessel was connected to the 8 m pipe, the pressure peak could reach 2.106 MPa,
implying that the DDT occurred. However, the peak pressure points appeared at the
end of the pipe. Because the pressure wave compressed the front unburned gas during
the propagation, when the flame reached the end of the pipe, the pressure in the zone
was higher than the initial pressure. Therefore, the pressure at the end of the pipe was
higher than that in other areas of the linked vessels. Moreover, when the pipe diameter
was larger than a certain value, the pipe promoted an increase in overpressure. The
pipe length required for the DDT inside the vessel-pipe structure was shorter than
the pipe length in a single pipe. This was because inside the vessel-pipe structure,
the methane—air mixture in the pipe was ignited by the flame from the explosion
vessel at a higher temperature, pressure, and degree of turbulence. Compared with
that in a single pipe, the required acceleration phase in linked vessels was shorter.

5.1.4.2 Vessel-Pipe Structure

The 113 L cylindrical vessel was selected as the explosion vessel. For circular pipes
with a diameter of 60 mm, 4, 6, 8, 10, and 12 m pipes were selected to study the
explosion process. To study the effect of boundary conditions on the DDT, numerical
simulations were performed on 30 and 90 mm diameter pipes. Tables 5.3 and 5.4
show the maximum overpressure, distance from the ignition point, and maximum
flame propagation velocity in the pipe.

The effect of pipe diameter on the DDT of the methane—air mixture in the linked
vessels was significant. As shown in Table 5.3, with the increase in pipe diameter, the
pipe length required to form the DDT was small. This was because, in terms of heat
transfer, as the diameter of the pipe decreases, more heat of gas per unit volume was
consumed on the wall of pipes. The pressure wave surface structure was affected by
the wall resistance and heat conduction, and the heat and momentum are lost. The
smaller the pipe diameter, the more significant was the wall loss effect. Therefore,
a small-diameter pipe (30 mm diameter) requires a long acceleration section. In the
design of chemical plants, the pipe length and diameter should be reduced.

For the circular pipe with a diameter of 60 mm, the propagation velocity of the
explosion flame increased with the pipe length. When the pipe length is 4 m, the
maximum flame propagation velocity was 420 m/s, and the form of explosion was
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Table 5.3 Maximum overpressure and its distribution inside the vessel-pipe—vessel structure
No. | Connection mode Pipe Position of | Pressure | Maximum DDT
diameter | pressure peak velocity (m/s) | occurred
(mm) peak (MPa)
1 113 L vessel-4 m 60 P8 1.025 562 No
pipe—11 L vessel
2 113 L vessel-6 m - P10 1.883 1990 Yes
pipe—11 L vessel
3 113 L vessel-6 m - P12 2.145 2005 Yes
pipe—11 L vessel
4 113 L vessel-10m | — P14 2.213 2009 Yes
pipe—11 L vessel
5 113 L vessel-12m | — P16 2.237 2010 Yes
pipe—11 L vessel
6 113 L vessel-8 m 30 P12 1.844 1893 Yes
pipe—11 L vessel
7 113 L vessel-4 m 90 P8 1.850 1890 Yes
pipe—11 L vessel
Table 5.4 Maximum flame velocity inside the vessel—pipe structure
No. | Connection mode Pipe diameter (mm) | Maximum velocity (m/ | DDT occurred
s)
1 113 L vessel and 4 m 60 422 No
pipe
2 113 L vessel and 6 m 1065 No
pipe
3 113 L vessel and 8 m 1950 Yes
pipe
4 113 L vessel and 10 m | 1980 Yes
pipe
5 113 L vessel and 12 m | 2000 Yes
pipe
6 113 L vessel and 12 m 30 1988 Yes
pipe
7 113 L vessel and 6 m 90 1944 Yes
pipe

deflagration. For a pipe length range of 4-8 m, the effect of pipe length on the
acceleration of flame and pressure wave was significant. However, when detonation
is formed, the flame propagation velocity tends to be stable with the increase in
pipe length. It can be concluded that the detonation process is more stable than the
deflagration process. As shown in Table 5.4, when the pipe is 12 m with a diameter
of 30 mm, the DDT phenomenon can be observed based on the flame propagation
velocity. The DDT can occur when the pipe is 6 m long with 60 mm in diameter.
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This shows that the pipe length required to form the DDT is small when the pipe
diameter is large.

5.1.4.3 Vessel-Pipe—Vessel Structure

The 113 L cylindrical vessel was selected as the explosion vessel. Numerical simu-
lations were performed on 30- and 90-mm-diameter pipes. Tables 5.5 and 5.6 show
the maximum overpressure, distance from the ignition point, and maximum flame
propagation velocity in the pipe.

As shown in Table 5.3, the maximum overpressure appears in the explosion vessel.
When the pipe measures 6 m long and 60 mm in diameter, DDT occurs inside the
vessel-pipe—vessel structure. The peak pressure in the explosion vessel was several
times higher than that in the single vessel. With the acceleration of explosion flame by
the pipe, a high overpressure will be generated when the unburned gas in the explosion
vessel was ignited. Moreover, it was noteworthy that the pipe length required for the
DDT was short inside the vessel-pipe—vessel structure. In industrial anti-explosion
engineering, the pipe length should be shortened to the maximum to DDT during
accidents.

In addition, compared with the vessel-pipe structure, the pipe length required to
form the DDT was shorter inside the vessel—pipe—vessel structure. Because a pressure
imbalance occurred between the two vessels after ignition, the turbulence intensity of
the unburned gas increased. The flame burning area increased and the acceleration
was evident. As shown in Table 5.5, with the increase in pipe diameter, the pipe
length required to form the DDT was smaller. Under the same pipe diameter, the pipe
length required to form the DDT was smaller than that of the vessel-pipe structure.

Table 5.5 Maximum overpressure and its distribution inside the vessel-pipe—vessel structure

No. | Connection mode Pipe diameter | Position of Pressure peak | DDT
(mm) pressure peak | (MPa) occurred

1 113 L vessel 4+ 4 m pipe + | 60 P8 1.025 No
11 L vessel

2 113 L vessel + 6 m pipe + P10 1.883 Yes
11 L vessel

3 113 L vessel + 6 m pipe + P12 2.145 Yes
11 L vessel

4 113 L vessel + 10 m P14 2213 Yes
pipe—11 L vessel

5 113 L vessel + 12 m pipe P16 2.237 Yes
+ 11 L vessel

6 113 L vessel + 8 m pipe + | 30 P12 1.844 Yes
11 L vessel

7 113 L vessel + 4 m pipe + | 90 P8 1.850 Yes
11 L vessel
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Table 5.6 Maximum flame velocity inside the vessel-pipe—vessel structure

No. | Connection mode Pipe diameter (mm) | Maximum flame DDT occurred
propagation velocity
(m/s)
1 113 L vessel + 4 m 60 562 No
pipe + 11 L vessel
2 113 L vessel + 6 m 1990 Yes
pipe + 11 L vessel
3 113 L vessel + 6 m 2005 Yes
pipe + 11 L vessel
4 113 L vessel + 10 m 2009 Yes
pipe—11 L vessel
5 113 L vessel + 12 m 2010 Yes
pipe + 11 L vessel
6 113 L vessel + 8 m 30 1893 Yes
pipe + 11 L vessel
7 113 L vessel +4 m 90 1890 Yes
pipe + 11 L vessel

This further illustrates that the DDT is likely to form inside the vessel-pipe—vessel
structure.

The DDT was formed on the pipe measuring 6 m long and 60 mm in diameter, and
the flame acceleration effect is obvious before the DDT occurrence. With the increase
of pipe length, the flame velocities were almost the same after DDT occurred in the
linked vessels. It showed that the explosion process becomes stable. Therefore, with
the increase in pipe length, the flame velocity tends to be stable. In addition, under
the same pipe length, the maximum flame propagation velocity inside the vessel—
pipe—vessel structure is higher than that inside the vessel—pipe structure. According
to the CJ velocity criterion, the DDT can be formed on a pipe measuring 8 m long
and 30 mm in diameter. Furthermore, the DDT can be formed on a pipe measuring
4 m long and 90 mm in diameter. For the vessel-pipe—vessel structure, the DDT can
occur in a large-diameter pipe under the condition of a short pipe length. Therefore,
this structure type should be avoided, or its safety protection must be enhanced.

5.1.5 DDT Propagation Characteristics in Linked Vessels

5.1.5.1 Propagation Characteristics in Vessel-Pipe Structure

The 113 L cylindrical vessel was selected as the explosion vessel to connect an
8 m circular pipe. Figure 5.5 shows the time history curves of overpressure for each
pressure monitoring point. In Fig. 5.5, Position 1 (P1) is the monitoring point of
overpressure in the cylindrical vessel. When the methane—air mixture is ignited, it
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Fig. 5.5 Time history curves of overpressure for each pressure monitoring point under the structure
of 113 L vessel connected to 8 m pipe

burns evenly from the ignition center to all sides. At this time, the overpressure
increases slowly, and the pressure fluctuation is evident.

InFig. 5.6, the flame propagation velocity shows a slow combustion. The unburned
combustible mixture in the pipe affected by the explosion exhibits high turbulence,
temperature, and pressure. When the flame is transmitted from the vessel to the pipe,
the unburned combustible mixture in the pipe is ignited. Subsequently, the explosion
enters the stage of rapid combustion. As shown in Fig. 5.5, the overpressure increases
at P3 and P5. Figure 5.6 shows that the flame has entered the acceleration stage in
the pipe, which shows that the pipe has a certain acceleration effect on the flame.
The DDT was in the range of P6—P7. After reaching P7, the unburned gas explodes
at the precursor shock wave. The form of explosion changes from deflagration to
detonation. Subsequently, a detonation stage occurs at P8 and P9. At this stage, the
pressure forms exhibit relatively stable characteristics. In addition, although the DDT
appears in the later parts of the pipe, the overpressure of the cylindrical vessels was
low because the pipes contribute to the pressure relief of the vessel. Additionally,
vessels can be protected by connecting pressure relief ducts in industrial processes.

The flame velocity diagram is shown in Fig. 5.6. The explosion can be divided
into four stages in this condition, i.e., slow combustion, deflagration, deflagration to
detonation, and stable detonation. Figure 5.7 shows the development of the temper-
ature field in the 8-m-vessel pipe structure. The flame acceleration was slow in the
deflagration stage, and the flame propagation velocity increased rapidly when the
DDT occurs.
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Fig. 5.6 Flame velocity diagram under the structure of 113 L vessel connected to 8 m pipe
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5.1.5.2 Propagation Characteristics in Vessel-Pipe—Vessel Structure

The 113 L cylindrical vessel was selected as the explosion vessel, which was
connected to the 11 L cylindrical vessel by an 8 m circular pipe. Figure 5.8 shows
the time history curves of overpressure for each pressure monitoring point under the
structure. As shown in Fig. 5.8, the pressure history curve at Position 7 (P7) increases
significantly, which is consistent with the characteristic of the detonation pressure
curve. The pressure peak at P7 is higher than those at P8 and P9. This indicates that
local explosion at the precursor shock wave, i.e., the explosion process changes from
deflagration to detonation and a strong detonation occurs. Because no obstacles exist
in the circular pipe, a pressure decay occurs, and a stable detonation is formed after
the strong detonation. The pressure peaks at P8 and P9 are near the theoretical CJ
detonation pressure. As shown in Fig. 5.8, a strong detonation occurs at P10. Owing
to the complexity of the vessel-pipe—vessel structure, an unburned gas at a high pres-
sure is formed in the explosion vessel. Subsequently, a pre-compressed flammable
gas is ignited by the jet flame at a high velocity, and a strong detonation occurs in
the explosion vessel.
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Fig. 5.8 Time history curves of overpressure for each pressure monitoring point under the structures
of 113 and 11 L vessels connected to 8 m pipe
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Fig. 5.9 Flame velocity under the structures of 113 and 11 L vessels connected to 8 m pipe

Figure 5.9 shows the flame velocity diagram of the linked vessels. The explosion
wave propagation velocities at P6 and P7 are close to 2100 m/s, and the DDT occurs
at this stage. Subsequently, the flame propagation velocity is relatively stable, and the
flame speed finally reaches its maximum value inside the vessels (P9—P10). Before the
detonation, the pressure peaks inside the vessel-pipe—vessel structure are higher than
that inside the vessel—pipe vessel. The flame propagation process inside the vessel—
pipe—vessel structure includes slow combustion, deflagration, deflagration to deto-
nation, and detonation. However, compared with the situation inside the vessel—pipe
structure, an overdriven detonation occurred inside the vessel-pipe—vessel structure.
This phenomenon is related to the coupling among the precompression phenomenon
inside the 11 L vessel, high turbulence, and jet flames from the pipe.

5.2 Effects of Obstacles on DDT in Linked Vessels

5.2.1 Experimental Apparatus and Methods

5.2.1.1 Experimental Apparatus

The experimental apparatus is shown in Fig. 5.10, including the vessel-pipe system,
gas distribution system, data acquisition system and ignition system.

The experimental apparatus was made up of vessels and pipes. Cylindrical vessels
with equal length—diameter ratio were selected and their volumes were 113 and 11 L.
The length of the pipe was 2 m and the diameter of the pipe was 60 mm, totaling
four sections. All these components were connected by flanges. Holes inside the
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vessels and pipes were used to install pressure transmitters, flame sensors and ignition
devices, which could be connected according to the experimental needs.

The ignition system was obtained by high energy electronic ignition device (XDH-
6L). The ignition position was on the wall of 113 L cylindrical vessel. A SY-9560
gas sample compounder was used to obtain the mixture of methane and air of the
desired concentration. The data acquisition system consisted of pressure transducer,
flame sensor and data acquisition instrument. High-frequency pressure transmitter
(HM90-H3-2) was used to measure overpressure inside the vessels. The pressure
transducers are flush-mounted. A CKG-100 flame sensor was adopted to measure
the duration of the flame. In order to prevent the high temperature in detonation and
the impact of small particles, a layer of high vacuum silicone grease was coated on
the surface of flame sensors. A DEWE-16 multi-channel data acquisition instrument
was used to match with pressure transmitters and flame sensors. In the paper, the
experiments were carried out at room temperature and the initial pressure of reactant
was 0.08 MPa.
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5.2.1.2 Experimental Methods

The distance between obstacles affects the formation of unburned gas vortexes.
Obstacles with wide spacing will generate large vortices, which can increase the
flame propagation velocity [2]. However, the increase of vortex kinetic energy and
scale will reduce the transport velocity. An appropriate distance in between obsta-
cles can produce the best scale vortices, which will make the flame acceleration
effect most obvious. When the distance in between the two adjacent obstacles is
twice longer than the diameter of pipe, it is conductive to the flame acceleration [3].
Therefore, the distance between the two obstacles is set to be 0.12 m. Obstacles with
the same blockage ratio were fixed by struts and bolts, which could be combined
to form different blockage ratios and number of obstacle groups. The left side of
the obstacle group was a circular iron ring with an inner diameter of 60 mm and
an outer diameter of 90 mm. The iron ring could be fixed between the flanges, and
prevent the obstacle group from moving back and forth due to the shock wave in
the explosion. In addition, it is convenient to remove the obstacle groups in the pipe
after the experiment.

As is illustrated in Fig. 5.11, four obstacle groups were set up in the pipe. Take
the vessel-pipe—vessel structure as an example. There were 10 pressure measuring
points to record the change of pressure in the linked vessels. The first and tenth
pressure measuring points were located on the wall of two cylindrical vessels. The
pressure measuring point P2 and P3 were 1.9 m and 3.1 m away from the ignitor,
respectively. The ninth pressure measuring point P9 was 0.5 m away from the bottom
of the pipe, and the other pressure measuring points were evenly distributed on the
horizontal pipe. Similarly, the same number of flame sensors was installed to record
the pressure wave curve and flame propagation velocity during the explosion process.

The cylindrical vessels and pipes were connected by bolts and flanges, and the
silicone gasket was clamped in the middle of the flanges. The vessels and pipe were
vacuumed to 0.01 MPa and filled with the premixed gas of 10% methane concen-
tration by the computer automatic gas distribution system. Through the ignition
system, the ignition electrode mounted on the cylindrical vessel was discharged to
generate electric spark and ignite the premixed gas. At the same time, the recorder
was triggered to collect the signals of each pressure transmitter and flame sensor. In
the experiment of different blockage ratio, the selected annular orifice plates were
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Fig. 5.11 The schematic diagram of linked vessel with obstacles
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installed in the specified position and fixed. After the explosion, the combustion
products were purged with fresh air by a compressor to avoid the interference to next
experiment.

5.2.2 Typical DDT Process in Linked Vessels with Internal
Obstacles

In this section, a 113 L cylindrical vessel was selected to connect an 8 m pipe,
and 8 obstacles with 75% blockage ratio were installed at Position A. The ignition
position is in the center of 113 L vessel. As shown in Fig. 5.12, we also calculated
the pressure wave velocity when a 113 L cylindrical vessel was connected to an 8 m
pipe, and 8 obstacles with 75% blockage ratio were installed at different positions.
The maximum wave speeds in the pipe were 1923, 1814, 1909, and 1981 m/s when
the obstacles were at Position A, B, C, and D, indicating that the detonation occurred
in the pipes. It was also consistent with the method of pressure judgment, which
proved that the pressure criterion was applicable.

Figure 5.13 shows the pressure histories in linked vessels for each pressure moni-
toring point. There are three main criteria for the DDT, including CJ pressure crite-
rion, CJ speed criterion and energy sudden criterion [4—7]. The CJ pressure criterion
is adopted in the paper. By theoretical calculation [8], the detonation pressure is
1.86 MPa under the experimental conditions. The detonation occurs when the over-
pressure reaches or exceeds the CJ pressure. The time shown in Fig. 5.13 is the
relative time. There are obvious differences in trend between deflagration pressure
history curves and detonation history curves. The deflagration pressure (P1, P2) rises
slowly, and the peak pressure of deflagration is lower than that of detonation curve
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(P3-P9). The characteristics of detonation pressure were studied by taking P9 pres-
sure history curve as an example. When the precursor shock wave passed through
the measuring point P9, it caused a sudden jump in pressure, and then the pressure
decreased owing to rarefaction wave [9].

When the vessel was connected to the pipe with obstacle group, the distance of
DDT occurrence moved forward from P7 to P3. This indicates that the obstacle group
has a high perturbation effect on the flame. Specifically, the flame propagation in the
pipe with obstacles creates pockets of fresh fuel mixture between the obstacles. Gas
expansion produces a strong jet flow in the unobstructed part of the pipe. The jet
flow makes the flame tip to propagate much faster, which produces new pockets
and leads to flame acceleration. DDT occurs at P3 under the coupling action of
flame and pressure. As the combustion products expand, a compression wave was
formed in front of the flame array. The faster the flame propagates, the sharper
the area converges between the compression wave front and the flame surface. The
overpressure increases accordingly. As can be seen from P4 and PS5, after DDT
occurred in the linked vessels, the peak pressures at the two measuring points were
much the same. It showed that a steady detonation occurred in the pipe [10]. When the
precursor shock wave propagated to the end of the pipe, the unburned gas mixture was
compressed by the shock wave and affected by high temperature. The combustible gas
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exploded under high pressure and temperature, so the detonation pressure increased
at P9.

To support the CJ pressure criterion, we also used the CJ speed criterion to evaluate
the occurrence of detonation, taking P3 and the following measuring points as exam-
ples. The detonation reaction zone is accompanied by strong light, and the arrival
time of the strong light can be detected by the flame sensor. Detonation propagation
is the coupling propagation of detonation reaction zone and precursor shock wave.
When the error is less than 10%, the coupled propagation of the precursor shock wave
and the chemical reaction zone can be considered as detonation [11]. Figure 5.14
shows the relationship between detonation reaction zone arrival time and precursor
shock time and the distance measured by flame sensor and pressure transducer. The
time origin in Fig. 5.14 is the time when detonation occurs at P3 (T = 0 ms), and
P3 is taken as the distance origin (L = 0 m). Figure 5.14 shows that the data error
monitored by the flame sensor and the pressure transducer is less than 10%. By fitting
the data obtained, the detonation velocity is 1923.0 m/s under operating conditions,
which is 3% less compared with the theoretical value of 1987.4 m/s. Therefore, the
process is taken as detonation propagation.
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Fig. 5.14 The relationship between detonation reaction zone arrival time and precursor shock time
and distance
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5.2.3 Effects of Obstacles on DDT in Vessel-Pipe Structure

5.2.3.1 Obstacle Number

Obstacles with 75% blockage ratio were adopted and placed at Position A. The
ignition position was on the wall of 113 L vessel. Pipes of 4, 6 and 8 m were selected
to connect the vessel. Figure 5.15 shows the effect of obstacle number on DDT in
vessel-pipe structure. The effect of obstacle number on the DDT is obvious. With
the increase of pipe length, the overpressures decreased in the explosion vessel. The
pipe has a pressure relief effect on the vessel.

Due to the change of the airflow propagation interface, the airflow is hindered, and
the pressure at the entrance of the obstacles decreases significantly. While the flame
overturns the obstacles, the increase of the flame surface accelerates the combustion.
The deep and narrow space between the obstacles acts as a mini-channels, and the
airflow will create turbulence in the pockets. Turbulence corrugates the flame front
and increases the burning velocity. As the flame accelerates, compression waves and
shock waves become stronger, until explosion starts and develops into detonation
[12]. As aresult, the turbulence of combustion is strengthened, and the peak pressure
increases accordingly. Within the selected number of obstacles, the pressure peak
increases with the increase in the number of obstacles. However, when DDT occurs
in the linked vessels, the detonation pressure remains roughly unchanged. These
further illustrate that a steady detonation occurred. Meanwhile, the mixed gas at the
end of the pipe is affected by pre-compression and pre-radiation heat, so the pressure
at the end of the pipe increases obviously. With the increase of the obstacle number,
the distance of DDT occurrence becomes shorter.

Figure 5.15a shows that when the vessel is connected to a 4 m pipe, there is
no DDT occurrence. The flame accelerates when passing through the obstacles, but
meanwhile it is also hindered by the return gas from the end of the pipe. Thus,
no steady detonation is formed when the pipe length is 4 m [13]. DDT can occur
with the increase of obstacle number in this working condition. Figure 5.15b shows
pressure peak distribution diagram of linked vessels when the vessel is connected to
a 6 m pipe. When the number of obstacles is 6 or 8, there is DDT occurrence. DDT
occurs at P6 with 6 obstacles, while DDT moves forward under eight obstacles and
appears at P5. Figure 5.15c shows that DDT occurs at P3 under 8 obstacles when
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Fig. 5.15 Pressure histories of linked vessels with different number of obstacles
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the vessel is connected to an 8 m pipe, and the detonation wave propagates in the
pipe. This indicates that the detonation wave has the characteristic of self-sustaining
propagation. Therefore, obstacles should be minimized to avoid the occurrence of
detonation. For example, the corrosion of vessel wall should be reduced and the idle
mechanical equipment in the roadway should be removed.

5.2.3.2 Obstacle Position

Eight obstacles with 75% blockage ratio were adopted. Figure 5.16 shows pressure
history of the linked vessels with obstacles at different positions. The pressure behind
the obstacle shows a higher growth ratio than that before the obstacle. When the
flame passes through the obstacles group, the mixture of unburned combustible gas
is disturbed to form turbulence, which will increase the flame area and thus accelerate
the combustion ratio. This indicates that the position of the obstacle has a significant
effect on DDT in linked vessels. For the 4 m pipe, the pressure distribution trends are
the same at different obstacle positions, but the pressure peak at position B is lower
than that at position A. When the obstacle is located at position B, the acceleration
distance of high-speed flame is short after the flame passes through the obstacle.
Therefore, the flame, passing through the obstacles, has spread to the end of the pipe
before it accelerates. For the 6 m pipe, the pressure peaks at different locations are
basically the same. As the obstacle approaches the ignition point, the peak pressure
in the linked vessels increases. In addition, as the obstacle moves away from the
ignition point, the distance of DDT occurrence becomes far away. Hence, anti-static
and anti-spark measures should be taken near the obstacles to avoid the explosion
accidents. For the 8 m pipe, DDT occurs first at position A. Due to the long pipe, the
flame accelerates to a higher degree in the pipe, and the distance of DDT occurrence
is relatively uniform when the obstacle is at positions B, C and D. Besides, after the
detonation is formed, the obstacle has a further enhancement effect on the detonation
wave. It can be seen from Fig. 5.16c that when the obstacle is at position D, the
detonation pressure is larger at P7—P9 than that in other working conditions. In daily
industrial production, when it is necessary to set obstacles such as instruments in the
pipe, it is important to strengthen the safety technology and management measures
near such obstacles.

ay EEET b) 1o

200 €1, 186MPa 2
) . v
20F cpoiseMP oy e
¥
>

Overpressure (MPa)

-
-
-

Overpressure (MPa)

S0 0 500 IX0 1500 2000 2500 3000 300 4000 4500 0 T W0 30 A0 w00 &0 700 o ™0 a0 w0 w0 1000

000 000
Distance to ignitor (mm) Distance to ignitor (mm) Distance to ignitor (mm)

Fig. 5.16 Pressure histories of linked vessels with obstacles in different positions
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Fig. 5.17 Pressure histories of linked vessels with obstacles at different blockage ratios

5.2.3.3 Obstacle Blockage Ratio

Eight obstacles were adopted and the obstacles were placed at Position A. Figure 5.17
shows the pressure history of linked vessels with obstacles at different blockage
ratios. From Fig. 5.17, it can be concluded that the blockage ratio has a significant
effect on the explosion in linked vessels. The unburned combustible gas mixture in
the obstacle group was disturbed and formed turbulence when the explosive flame
passed through the obstacles. The turbulence then increased the flame area and accel-
erated the combustion rate, eventually leading to the increase of overpressure. In the
present case, the blockage ratio plays an important role in the flame dynamics similar
to the acceleration mechanism described by Bychkov [14]. The flame acceleration
renders the compression wave stronger, until it develops into a shock of consid-
erable amplitude. Compression of the fuel mixture by the shock is conventionally
considered as one of the main elements of DDT in the pipe with obstacles. On the
other hand, the obstacle blockage ratio is one of the decisive factors determining
the degree of turbulence. The flame came into contact with the obstacle group when
the blockage ratio increased to a certain value, and the heat loss dominated [15].
Thus, the turbulence effect of the flame was not enhanced but inhibited instead. For
example, this mechanism was used for the inner core of the flame arrester to suppress
the flame and even quench the effect.

5.2.4 Effects of Obstacles on DDT in Vessel-Pipe—Vessel
Structure

5.2.4.1 Obstacle Number

Obstacles with 75% blockage ratio were used and the obstacle group was placed
at Position A. The 113 L cylindrical vessel and the 11 L cylindrical vessel were
connected by pipes. The ignition position was in the center of 113 L vessel. Pipes
of 4, 6 and 8 m were selected to connect the vessels. Figure 5.18 shows the effect of
obstacle number on DDT in vessel-pipe—vessel structure.

Figure 5.18 shows that as the number of obstacles increases, the pressure in the
linked vessels all show an upward trend. With the same length of pipes, the pressure
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Fig. 5.18 Pressure histories of linked vessels with different number of obstacles

peak in the explosion vessel shows little change. This may be because the setting of
obstacles increases the overpressure behind the obstacle. Moreover, the peak pressure
at the entrance of the obstacles (P2) decreases because the airflow is blocked by the
obstacles, which slows down the flame propagation velocity. The decrease of flame
velocity reduces the energy of shock wave in the flame front, so the peak pressure
decreases. When the number of obstacles increased to 6, DDT occurred in the linked
vessels (4 m pipe). The addition of obstacle group in the linked vessels shortened
the distance formed by deflagration to detonation transition. Figure 5.18b, ¢ show
the pressure history of linked vessels when 6 m pipe and 8 m pipe were linked to the
vessels. Overdriven detonation occurred in 11 L vessel due to the coupling effects
of high ignition pressure, high turbulence degree and jet flame.

5.2.4.2 Obstacle Position

The blockage ratio of obstacles was 75%, and the number of obstacles was 8. Pipes
of 4, 6 and 8 m were selected to connect the vessels. Figure 5.19 shows the pressure
history of each pressure sensor under different obstacle positions.

It can be seen from Fig. 5.19 that the position of the obstacle group affects the
induction distance of DDT occurrence. Before the formation of detonation and at
the same distance from the ignitor, the pressure behind the obstacle shows a higher
growth ratio than that before the obstacle. At the entrance, the flow is hindered to
some extent, so the pressure is reduced. When the flame passes through the obstacles,
the turbulence of combustion is enhanced and results in the flame acceleration, so
the pressure increases accordingly. For the two-vessel-connection structure, due to
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Fig. 5.19 Pressure histories of linked vessels with obstacles in different positions
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Fig. 5.20 Pressure histories of linked vessels with obstacles at different blockage ratio

its own pressure imbalance, the induction distance of DDT is shorter than that inside
the vessel-pipe structure.

5.2.4.3 Obstacle Blockage Ratio

The number of obstacles was 8 and the obstacles were placed at Position A.
Figure 5.20 shows the pressure history measured by each pressure sensor under
different obstacle blockage ratios. In the range of selected blockage ratios, the
overpressure rose as the blockage ratios of the obstacles increased.

Figure 5.20a shows that for a 4 m pipe, DDT occurs only when the obstacle
blockage ratio is 75%. Lower obstacle blockage ratios have less effect on the degree
of turbulence of the airflow. Hence, the flame cannot be accelerated to make DDT
occur when the blockage ratio is low and the length of pipe is short. As can be
seen from Fig. 5.20b, c, the DDT is more likely to occur with pipe length increased.
Meanwhile, the blockage ratio of the obstacle has little effect on the detonation wave
after the explosion develops into a steady detonation.
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Chapter 6 ®)
Flame Quenching Characteristics of Gas e
Explosion in the Confined Spaces

6.1 Effect of Flame Arrester

6.1.1 Experimental Apparatus and Methods

The schematic diagram of the experimental apparatus was shown in Fig. 6.1.
According to the ISO 16852 standard, the experimental apparatus was built, including
an unprotected pipe (L; = 2 m), the flame arrester (flame arrester element and expan-
sion chamber structure), a protected pipe (L, = 2 m), a high-voltage ignition system,
a gas distribution system, a pressure acquisition system, a flame detection system, a
data acquisition system, and a synchronous controller.

The unprotected and protected pipes were made of cast iron (DN65) with a design
pressure of 15 MPa. The flame arrester was made of 304 stainless steel. Figure 6.2
showed the flame arrester with three porosities (o = 0.35, 0.50, 0.65) and three
element thicknesses (H = 60, 80, 100 mm). In order to effectively reduce the flame
intensity acting on the flame arrester and analyze the effect of different expansion
chambers, three types of expansion chamber structures (the extended type expansion
chamber, the baffle type expansion chamber, and the conventional type expansion
chamber) were used to connect to the flame arrester element, as shown in Fig. 6.3.
The three expansion chamber structures have the same volume, but differ only in
their internal structure. A ring-type baffle with an inner diameter of 70 mm was
installed inside the baffle-type expansion chamber structure, and the distances of the
baffle from the flame arrester element and flange end face were 50 mm and 215 mm
respectively. The extended type expansion chamber structure was equipped with
155 mm pipe, and a 12 mm diameter round hole evenly distributed around it.

The high-voltage ignition system consisted of a high-temperature resistant ignition
electrode and a KTD-A adjustable high energy igniter with an output ignition energy
range from 1 to 20 J. The RCS2000-B high-precision gas distribution equipment was
used for premixed gas preparation, and the gas distribution accuracy was 1%. The
CY400 high frequency pressure transducers (accuracy: 0.25% FS; range: 0—1.5 MPa)
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1-Unprotected pipe; 2-Protected pipe; 3-Flame arrester; 4-Ignition electrodes; 5-Flame detectors;
6-Pressure transducers; 7-Check valve; 8-Pressure gauge; 9-Air compressor; 10-Gas distribution system;
11-Vacuum pump; 12-Exhaust valve; 13-Synchronous controller; 14-Program control and acquisition system

Fig. 6.1 Schematic diagram of experimental apparatus

Fig. 6.2 Flame arresters with different porosities and element thicknesses

were used and installed on the unprotected pipe 400 mm and 200 mm from the left
end of the flame arrester, respectively. The CKG100 flame detectors were used and
installed in the unprotected and protected pipes respectively. The No. 1-4 flame
detectors were installed on the unprotected pipe, and the distances from the entrance
of the flame arrester were 1100 mm, 900 mm, 400 mm, and 200 mm respectively.
The No. 5 flame detector was installed on the protected pipe 200 mm from the right
end of the flame arrester to detect the success or failure of the flame quenching. The
TST6300 data acquisition instrument and synchronous control system were used to
realize the program control and data acquisition.

The experiments were carried out with the hydrogen-air premixed gas. The initial
pressure (Py), hydrogen concentration (Cy) and ignition energy (Eg) could be adjusted
by the gas distribution system and high-voltage ignition system. The research
schemes for the effects of flame arrester structure parameters and initial conditions on
flame quenching performance were shown in Tables 6.1 and 6.2 respectively. Then
high-voltage discharge ignition and data acquisition were controlled cooperatively
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(a) Conventional type expansion (b) Baffle type expansion (¢) Extended type expansion
chamber housing chamber housing chamber housing

Fig. 6.3 Three types of expansion chamber structures

by the data acquisition system and the synchronous controller. To achieve reliable
results, each experiment was repeated five times at least in this research. According
to the measured results, the maximum deviations of the maximum overpressure and
flame propagation velocity were 5.4% and 7.9% respectively, and the error bars have
been added to the relevant figures.

In addition, based on the experimental results of single-factor effects on flame
quenching performance, the effects of multi-factor interactions on the flame propa-
gation velocity and overpressure entering the expansion chamber of the flame arrester
were investigated using RSM. In the multi-factor interactions analysis of initial condi-
tions, the Box—Behnken experiment design scheme (BBD) with 3-factor 3-level
was used [1], and the experimental scheme was shown in Table 6.3. In the multi-
factor interaction analysis of structure parameters, the Central Composite experi-
ment design scheme (CCD) with 2-factor 3-level was used [2], and the experimental
scheme was shown in Table 6.4. In addition, the multi-factor prediction models of
the critical flame propagation velocity and overpressure under different structure
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Table 6.1 Research scheme for the effect of initial conditions on flame quenching performance

No. Influencing factors Other initial Structure parameter
conditions values of flame arrester

Al Co 10% Py =0MPa a=0.35

A2 20% Eo=13] H =80 mm

A3 30%

A4 40%

AS 50%

B1 Py — 0.05 MPa Co =30%

B2 —0.025 MPa Ep=131

B3 0 MPa

B4 0.025 MPa

B5 0.05 MPa

Cl1 Co 3] Co =30%

2 87 Po =0MPa

C3 137J

C4 187

Table 6.2 Research scheme for the effect of flame arrester structure parameters on flame quenching

performance
No. Influencing factors Other initial Structure parameter values
conditions of flame arrester
D1 o 0.35 H =100 mm Co =30%
D2 0.5 Po =0 MPa
Eop=137J
D3 0.65
El H 60 mm a=035
E2 80 mm
E3 100 mm

parameters were established respectively, and the critical flame quenching criterion
of flame arrester was proposed.

6.1.2 Effects of Initial Conditions and Structure Parameters

6.1.2.1 Initial Conditions

Figures 6.4 and 6.5 show the flame signal and overpressure curves measured at
different positions respectively. As can be seen from Fig. 6.4, when the explosion
flame passes the flame detector position, the flame detector detects the flame, which
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:f;’;fig:mg;gf (]))f initial O Co (%) Po (MPa) Eod
conditions 1 20 —0.05 t0 0.05 13
2 40 — 0.05 t0 0.05 13
3 20 0.05 13
4 40 0.05 13
5 20 0 8
6 40 0 8
7 20 0 18
8 40 0 18
9 30 — 0.05 t0 0.05 8
10 30 0.05 8
11 30 — 0.05 t0 0.05 18
12 30 0.05 18
13 30 0 13
14 30 0 13
15 30 0 13
16 30 0 13
17 30 0 13
experment dovignof No o H om)
structure parameters 1 0.35 60
2 0.65 60
3 0.35 100
4 0.65 100
5 0.35 80
6 0.65 80
7 0.5 60
8 0.5 100
9 0.5 80
10 0.5 80
11 0.5 80
12 0.5 80
13 0.5 80

causes the electrical signal curve to rise sharply. The flame propagation velocity was
calculated from the distance of adjacent flame detectors and the flame signal interval
time. By comparing the flame propagation velocity in different sections, it can be
seen that the flame propagation velocity at the front end of the flame arrester increases
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with the distance between the detectors and the flame arrester decreasing. Meanwhile,
the flame propagation velocity was significantly reduced after the explosion flame
enters the flame arrester compared the maximum flame propagation velocity before
and after the flame arrester, which indicates that the flame arrester can effectively
reduce the flame propagation velocity entering the flame arrester.

Figure 6.5 shows the overpressure curves measured at different positions near the
front of the flame arrester. It can be seen that the process of the rising pressure curve
at the front end of the flame arrester can be divided into four stages. In the I stage,
the overpressure has no obvious change, because the flame propagation ability was
weak, and the affected area was small in the initial stage of the explosion reaction. The
remote pressure transducers do not feel the pressure wave, so the pressure curves in
the I stage do not change. In the II stage, the explosion reaction rate increases with the
explosion flame propagating along the pipe, and the pressure curve under the action
of pressure wave shows a small upward change. With the accelerated propagation of
the flame inside the pipe, the overpressure increases significantly. When the flame
pass through the pressure transducers, the overpressure curves collected by the two
transducers show a sharp rise in turn, and the maximum overpressure values were
0.46 MPa and 0.64 MPa respectively, which indicates that the overpressure curve
measured by the transducer close to the flame arrester rises more obviously (Il stage).
When the explosion flame enters the expansion chamber and contacts with the flame
arrester element, part of the flame and pressure wave could pass through the narrow
channels. And the part of the pressure wave will propagate backward under the action
of the flame arrester element, which leads to a secondary rise in the pressure curve,
and the peak pressure appears at the same time (I'V stage). However, because only part
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Fig. 6.5 The overpressure curves collected by pressure transducers

of the pressure wave passes through the flame arrester, the secondary pressure peak
value was significantly reduced [3]. The overpressure value was evaluated by acoustic
theory and the maximum overpressure value of 0.30 MPa was calculated based on the
acoustic theory [4, 5]. However, the predicted value was less than the experimentally
measured value (PmaxNo.1 = 0.46 MPa) in the pipe. And the experimental value
was close to the Sun’s experimental value in confined space [6]. This was because
the explosion flame propagates along the pipe due to the restraint of wall surface
compared to the gas explosion in the open space [7]. The flame propagation was
accelerated, which leads to the increase of the overpressure in the pipe. By comparing
Figs. 6.4 and 6.5, it can be found that the maximum flame propagation velocity
and overpressure value do not reach the detonation value of hydrogen-air premixed
gas (V¢ = 1970 m/s, Py = 1.54 MPa) [8], so the experiment was the process of
quenching the hydrogen deflagration flame by the crimped-ribbon pipe flame arrester.
In addition, the No. 4 flame detector and No. 2 pressure transducer were located in the
area entering the expansion chamber, so the maximum flame propagation velocity
and overpressure measured at this location were regarded as the flame propagation
velocity (V¢) and overpressure (Py) entering the flame arrester respectively.

Figure 6.6a—c show the V;, Py, and the corresponding flame quenching results
under different initial pressure (Py), hydrogen concentration (Cy), and ignition energy
(Eo) respectively. As shown in Fig. 6.6a, the V; and Py show a variation trend of
first increasing and then decreasing with increasing the Cy. It can be observed that
when the Cy was 30%, which was close to the chemical equivalent concentration
of hydrogen explosion, and the explosion intensity was the largest. The V and Py
reached the maximum values of 248 m/s and 0.45 MPa respectively, and the flame
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Fig. 6.6 The V, Py, and flame quenching results under different initial conditions (/—no flame
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quenching failure at this time. The V; and P, values decrease with the Cy moving
away from 30%, and the explosion flame was successfully quenched. Based on
the experimental results, the critical Peclet numbers of crimped ribbon flame arrester
were calculated and evaluated for different equivalence ratios [9]. It can be found that
the critical Peclet number was around 14, which was close to the Peclet number (21—
28) calculated according to the MESG values in ISO 16852 [10]. This indicates that
the flame arrester has better flame quenching performance for hydrogen explosion
flame, which was consistent with the experimental results.

Meanwhile, it can be seen from Fig. 6.6b that both V¢ and Py increased signif-
icantly with increasing the Py. Especially when the Py was 0.05 MPa, the V, and
Py values reach 280 m/s and 1.04 MPa respectively. According to the experimental
results, when the Py was — 0.05 and — 0.025 MPa, the explosion flame was effec-
tively quenched. And the flame arrester failed when the Py was positive. This was
because the hydrogen content per unit volume increases with increasing the Py. The
higher the chemical energy released per unit volume of hydrogen molecules when
the premixed gas was ignited, and the hydrogen explosion intensity increased [11].
Therefore, the V; and P values of hydrogen explosion increase with increasing the
Py, and the probability of flame quenching failure increases. In addition, the V;
and Py also showed an increasing trend with increasing the Eq. Especially when the
Eo was 18 J, the V; and P reach 259 m/s and 0.47 MPa respectively, as shown
in Fig. 6.6c. According to the experimental results, the probability of successful
flame quenching increases gradually when the E; was less than 13 J, and the flame
arrester failed when the Ey was greater than 13 J. This was because the energy
to excite the chain reaction increases and the number of radicals involved in the
reaction increases with increasing the E, resulting in an increase in the explosion
reaction rate and the explosion intensity, so the explosion flame was difficult to be
quenched. As can be seen above, the flame propagation velocity and overpressure
entering the flame arrester were important factors that affect the success of the flame
arrester. However, the initial conditions indirectly affect the flame quenching results
by directly influencing the flame propagation velocity and overpressure entering the
flame arrester.
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6.1.2.2 Structure Parameters

Figure 6.7a, b show the V;, P; and the corresponding flame quenching results
under different porosities (o) and element thicknesses (H) respectively. As shown in
Fig. 6.7a, it can be observed that the V; and Py values increase progressively with
increasing the a, this result is consistent with the experimental result of Jin [12].
The reflected pressure wave acting with the flame surface is significantly enhanced
with decreasing the porosity, and the increase in flame turbulence makes the V; and
Py values increased [13]. Meanwhile, the probability of flame quenching success
increases significantly with decreasing the a. The flame arrester fails when the a is
greater than 0.5, and the flame quenching success occurs when the o is 0.35. In addi-
tion, the V value decreases progressively (from 273 to 211 m/s) with increasing the
H value, but the P, value increases gradually (from 0.37 to 0.65 MPa), as shown in
Fig. 6.7b. This is because relatively high flow resistance is produced by increasing the
H, resulting in the higher pressure and lower flame propagation velocity in the front
end of the flame arrester [14]. The flame arrester fails when the H is < 80 mm, and the
flame quenching success of flame arrester occurs when the H is 100 mm, which indi-
cates that the increase in the H can improve the flame quenching performance. With
the H increasing, although the P value increases gradually, the V, value decreases,
resulting in the phenomenon of successful flame quenching by flame arrester. In
summary, it can be seen that the structure parameters of flame arrester (the porosity
and the element thickness) are related to the flame quenching performance of flame
arrester. The changes in the structure parameters can affect the flame propagation
velocity and overpressure entering the flame arrester, and could also affect the flame
propagation process in the narrow channels of flame arrester, which in turn affects
the flame quenching results.
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Fig. 6.7 The Vy, Pr, and flame quenching results under different structure parameters (,/—no
flame transmission, X—flame transmission)
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6.1.3 Interaction Effects of Multiple Factors

6.1.3.1 Interactions of Initial Conditions

Based on single-factor influence analysis, the interaction effects of initial conditions
on the flame quenching performance are studied by RSM. The Box-Behnken exper-
iment design scheme (BBD) with 3-factor 3-level is used. The response parameters
are the flame propagation velocity (V) and the overpressure (Py) entering the flame
arrester, and the design parameters are the initial pressure (Py), hydrogen concentra-
tion (Cy), and ignition energy (Ey) respectively. Meanwhile, the multi-factor predic-
tion models of V; and P, under different initial conditions are obtained by RSM as
follows:

Vp = —331.62732 + 31.55253*C, + 1417.37250%P,
+ 11.00443*Eq + 13.44730* Co Py + 0.054585*CoE,
— 13.11200* PyEy — 0.517358*C3 — 15440.22000*P;
— 0.401310*E}
R* = 0.9984 (6.1)

P; = —0.717351 + 0.070455*Cyy + 7.57750* P + 0.006029* E
— 0.028000* CyPy — 0.000190* CoEy + 0.055000* Py E
— 0.001085*C2 + 69.91000*P2 4 0.000171*E3
R? = 0.9989 (6.2)

To verify the validity of the prediction models, and determine the effect of the
influencing factors and their interactions on the response parameters, the analysis of
variance (ANOVA) is used to analyze the error of the models and the effect of each
factor [15]. Tables 6.5 and 6.6 show the ANOVA results of prediction models of the
V; and Py respectively. It can be found that the error probability (P-value) of the two
prediction models is less than 0.0001, the models are “significant”, and the Lack of
Fit of both models is “not significant” [16]. Meanwhile, the R? values of the models
are both greater than 0.90. In addition, as can be seen in Fig. 6.8, the predicted values
of the models are in good agreement with experimental data. In summary, it is shown
that the prediction models of V; and Py have good accuracy [17]. The smaller the
P-value the greater the effect of the influencing factor on the response parameters
[18]. It can be found from ANOVA that the P-values of Py, Cy, and E| are less than
0.05, which indicates that all three influencing factors have a significant effect on V¢
and Py. Since the P-values of all three influencing factors are less than 0.0001, and
the larger the F-value, the greater the effect of the design parameter on the response
parameters, so the effect extent is analyzed by comparing the F-values corresponding
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to the design parameters. By comparing the F-value, it can be obtained that the effect
order of the three factors in both models is: Py > Cy > E).

In addition, it can be discovered from ANOVA that the interaction effects of
initial conditions also have a significant effect on the prediction models. Figure 6.9a

Table 6.5 ANOVA for the response surface regression model of the V¢

Source Sum of squares |df |Meansquare |F-value |P-value

Model 76,332.09 9 8481.34 1206.32 | <0.0001 | Significant
Co 1192.00 1 1192.00 169.54 | <0.0001

Py 54,472.15 1 |54,472.15 7747.72 | <0.0001

Eo 974.99 1 974.99 138.67 |<0.0001

CoPo 180.83 1 180.83 25.72 0.0014

CoEg 29.80 1 29.80 4.24 0.0785

PoEo 42.98 1 42.98 6.11 0.0427

Cy? 11,269.87 1 [11,269.87 1602.94 | <0.0001

Py 6273.69 1 6273.69 892.32 | <0.0001

Eo? 423.82 1 423.82 60.28 0.0001

Residual 0.0004 7 0.0001

Lack of fit 27.60 3 9.20 1.70 0.3033 | Not significant
Pure error 21.61 4 5.40

Cor total 76,381.30 16

Table 6.6 ANOVA for the response surface regression model of the Py

Source Sum of df Mean F-value P-value
squares square
Model 1.29 9 0.1438 2308.95 < 0.0001 Significant
Co 0.0067 1 0.0067 108.01 < 0.0001
Py 1.11 1 1.11 17,831.82 <0.0001
Eo 0.0046 1 0.0046 73.20 < 0.0001
CoPo 0.0008 1 0.0008 12.59 0.0094
CoEo 0.0004 1 0.0004 5.80 0.047
PoEg 0.0008 1 0.0008 12.14 0.0102
Cp? 0.0495 1 0.0495 795.35 < 0.0001
Py? 0.1286 1 0.1286 2064.70 < 0.0001
Eo? 0.0001 1 0.0001 1.24 0.3031
Residual 0.0004 7 0.0001
Lack of fit 0.0002 3 0.0001 0.879 0.5232 Not significant
Pure error 0.0003 4 0.0001
Cor total 1.29 16
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Fig. 6.8 The predicted versus actual values plot for V, and Py

shows the interaction effects of Co and Py on V; and Py respectively. It can be seen
that when the Cy is the equivalent value, both V; and Py increase significantly with
increasing the Po. When the Cy is far from the equivalent value, both V; and Py
show an increasing trend with increasing the Py. Figure 6.9b shows the interaction
effects of Co and Eg on V and Py respectively. With increasing the Cy and Ey, both
Vy and P; show a trend of increasing first and then decreasing, and the C has a
greater effect on V; and Py than the Eq. Figure 6.9c shows the interaction effects of
Po and Eqg on V; and Py respectively. The V¢ and Py values increase with increasing
the E and Py. Compared with the Ey, the Py has a more significant effect on the V¢
and Py values. According to Tables 6.5 and 6.6, comparing the P-values of each two
factors’ interaction in the initial conditions, it is found that the influence order of the
interaction effects on V, and Py is: (Co and Py) > (Pg and Eg) > (Co and Ej).

6.1.3.2 Interactions of Structure Parameters

Based on single-factor influence analysis, the interaction effects of structure param-
eters on the flame quenching performance were studied by RSM. The Central
Composite experiment design scheme (CCD) with 2-factor 3-level is used, as shown
in Table 6.4. The response parameters were the flame propagation velocity (V) and
the overpressure (Py) entering the flame arrester, and the design parameters were
flame arrester porosity (o) and element thickness (H). Meanwhile, the multi-factor
prediction models of V and P, under different structure parameters were obtained
by RSM as follows:

Vi = —617.06505 — 325.72632%a — 5.48886"H — 3.09970*aH
+ 343.41176*a> + 0.035203* H?
R? = 0.9902 (6.3)
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P; = 0.697762 — 0.501303*a — 0.005935*H — 0.007083*a« H
+ 0.727969*«* + 0.000087*H?
R* =0.9921 (6.4)

According to the P-values corresponding to the Vy and P prediction models in
ANOVA, and the comparison results between the predicted and experimental values
inFig. 6.10, as well as the R? value of the equations, it can be found that the prediction
models of V; and P, have good accuracy with the experimental values. The P-values
of structure parameters are less than 0.05 according to the ANOVA results, which
indicates that a and H have a significant effect on V; and Py. By comparing the
F-values corresponding to the design parameters, it can be found that the effect of a
(F-value = 377.46) on V; model is greater than that of H (F-value = 250.20), while
the effect of H (F-value = 588.64) on Py. model is greater than that of o (F-value =
191.14). Figure 6.11 presents the response surface plots for the interaction effects of
a and H on V¢ and P;. With the decrease of o and H, the V value rises significantly,
and the a has a greater effect on Vy model than H, as shown in Fig. 6.11a. The Py
value increases significantly with increasing the H and the decreasing the a. The H
has a greater effect on the Py model than a, as shown in Fig. 6.11b.

In summary, the changes of the initial conditions would cause the changes of the
V; and Py when the flame arrester structure parameters values are fixed. However,
the critical flame propagation velocity (V) and overpressure (P,) at which the flame
arrester can successfully quench flame would not change with changing the initial
conditions. For example, when the flame arrester porosity and element thickness are
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0.35 and 80 mm respectively, the V. and P, of the flame arrester under different
initial conditions are 183 m/s and 0.51 MPa respectively. However, when the initial
conditions values are fixed, the changes in the structure parameters would cause
changes in the V. and P, values. For example, when the porosity (0.35-0.65) and
element thickness (60-100 mm) of the flame arresters were changed, the V. value
increases from 65 to 184 m/s, and the P, value increases from 0.15 to 0.61 MPa.
Therefore, it can be concluded that the structure parameters of the flame arresters
are important influencing factors for the V. and P..
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6.2 Effects of Obstacle Parameter on Explosion Resistance
Performance of Flame Arrester

6.2.1 Experimental Apparatus and Methods

Figure 6.12 illustrates a schematic diagram of experimental apparatus for studying the
explosion resistance performance of hydrogen crimped-ribbon flame arrester under
the presence of obstacles. The main body included the explosion pipe (including an
unprotected pipe (L1 = 2 m) and a protected pipe (L2 = 2 m)), a flame arrester
(including flame arrester element and expansion chamber structure), an obstacle
group, a gas distribution system, an ignition system, a flame acquisition system, a
pressure acquisition system, a temperature acquisition system and a program control
and data acquisition system.

The explosion pipe was made of cast iron (DN65) with a design pressure of
15 MPa. Two ends of pipe were sealed by Q345R flanges. The flame arrester element
was selected with the thickness (H) was 100 mm, the ripple height (1) was 0.2 mm
and the porosity (o) was 0.35. To clarify the effect of obstacle parameters on the
explosion resistance performance, a detachable obstacle group was used to change
different working conditions. The blockage rate of obstacle was calculated based
on the formula (BR = 1 — r2/R2), and their distance was changed by adjusting the
location of adjacent obstacles (the distance between adjacent obstacles was equal).

The premixed gas was prepared by a RCS2000-B high-precision gas distribution
instrument with 1% accuracy. The ignition system consisted of a high-temperature
resistant electrode and an adjustable high-energy igniter (KTD-A). Four and one
CKG100 flame detectors were installed on the unprotected pipe and the protected
pipe to measure the flame propagation velocity. Two and one CY400 high-frequency
pressure transducers were installed at the front and rear ends of flame arrester to
measure the pressure. Two S-type high-frequency thermocouple were installed at the
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D HJ Flame detectors —>K— Valve
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Vi valve
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Fig. 6.12 Schematic diagram of experimental apparatus
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Table 6.7 Installation distance between detectors

Location 1 Location 2 Distance (mm)
F.1 Flame detector F.2 Flame detector 200
F.2 Flame detector F.3 Flame detector 500
F.3 Flame detector F.4 Flame detector 200
F.4 Flame detector Left end flange of flame arrester 150
F.5 Flame detector Right end flange of flame arrester 150
P.1 Pressure transducer P.2 Pressure transducer 200
P.2 Pressure transducer Left end flange of flame arrester 150
P.3 Pressure transducer Right end flange of flame arrester 150
T.1 Temperature detector Left end flange of flame arrester 200
T.1 Temperature detector T.2 Temperature detector 230
T.2 Temperature detector Right end flange of flame arrester 200

front and rear ends of flame arrester to measure the temperature. The specific instal-
lation location is shown in Table 6.7. Meanwhile, the acquisition system (TST6300)
was controlled by program language to realize the output of program signal and data
acquisition.

The premixed gas with 20% hydrogen concentration (Volume fraction) was
selected. And the ignition energy was 9 J, and the initial ignition pressure was atmo-
spheric pressure. Under the case without obstacle, the flame velocity, overpressure
and flame temperature entering the front end of flame arrester were expressed by
Vo, Po and T, respectively. As obstacles existed, the explosion parameter entering
the flame arrester was expressed by V¢, Py and T;. And the explosion parameter
at the rear end of flame arrester was expressed by V,, P, and T,. The flame resis-
tance result was expressed by R (S and F represent the flame resistance success
and failure, respectively). Each working condition was repeated at least five times
to obtain accurate and reliable experimental results. According to the results anal-
ysis, the maximum deviations of flame propagation velocity, overpressure and flame
temperature were 8.6%, 6.9% and 2.2%, respectively, and the error bars have been
added to the corresponding figures.

6.2.2 Obstacle Location

Figure 6.13 presents the flame propagation velocity at the front and rear ends of flame
arrester under different obstacle locations (N = 1; BR = (.7). It can be seen that the
flame propagation velocity showed a trend of first increasing and then decreasing
with the increase of obstacle location. The flame propagation velocity reached the
maximum as L was 650 mm. In particular, the flame propagation velocity of front
end was 5.20 times than that under the case without obstacle (V; = 5.2Vy). The
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flame propagation inside the pipe was accelerated under the action of obstacle (V; >
Vo). However, the flame acceleration was less affected by the obstacle as the obstacle
was close to the ignition source (L < 325 mm) [19]. The flame quenching inside the
flame arrester under this condition, and no obvious voltage signal was monitored
by the flame detector of rear end. As the obstacle was far away from the ignition
source (325 mm < L < 845 mm), the flame propagation velocity was obviously
increased and it could pass through the flame arrester under the combined action of
self-acceleration and obstacle [20]. Thereafter, the flame acceleration effect began
to decrease as the obstacle location continued to increase (L > 845 mm) [21, 22].
This further led to a decrease in the flame velocity entering the flame arrester. Based
on the flame resistance results and the corresponding flame propagation velocity, the
critical flame resistance velocity was determined (V. = 227.8 m/s). Meanwhile, the
flame velocity showed a decrease trend due to the blocking effect of flame arrester
V. < Vf).

Figure 6.14 illustrates the overpressure near the front and rear ends of flame
arrester under different obstacle locations (N = 1; BR = 0.7). The overpressure of
front end showed a trend of first increasing and then decreasing with the increase
of obstacle location. The pressure of front end reached the maximum as L was
650 mm (Py = 4.0Pg). However, there was an obvious difference in the overpressure
of rear end [23]. As the obstacle was close to the ignition source (L < 325 mm),
the overpressure was slightly increased under the action of obstacle. The explosion
shock wave intensity inside the flame arrester was obviously weakened under this
condition, further resulting in the pressure history of rear end presented one peak.
As the obstacle was far away from the ignition source (325 mm < L < 845 mm),
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Fig. 6.13 The flame propagation velocity under different obstacle locations (N = 1; BR = 0.7)
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Fig. 6.14 The overpressure under different obstacle locations (N = 1; BR = 0.7)

the overpressure was obviously increased under the combined action of flame self-
acceleration and obstacle. This led to the flame resistance failure and the pressure
history of rear end appeared two peaks. Besides, the shock wave inside the narrow
channel was greatly weakened during propagation, which led to a lower peak in the
pressure history I when the flame resistance failed. The peak of pressure history II
showed the same trend as the overpressure of front end during this range. After that,
the promotion effect of obstacle on the shock wave was weakened as the obstacle
location continued to increase (L > 845 mm). This led to a decrease in the overpressure
entering the flame arrester and the flame resistance was successful. Meanwhile, the
critical flame resistance pressure was determined (P, = 0.45 MPa) based on the
flame resistance results and the corresponding overpressure.

Figure 6.15 shows the flame temperature at the front and rear ends of flame arrester
and the corresponding flame resistance results under different obstacle locations (N
= 1; BR = 0.7). It can be seen that the flame temperature showed a trend of first
increasing and then decreasing with the increase of obstacle location. As L was
650 mm, the flame temperature at the front and rear ends all reached the maximum
and the Ty was greater than T',. However, the flame flow field was less disturbed by
obstacle as the obstacle was close to the ignition source (L < 325 mm). The flame
temperature entering the flame arrester was low under this condition, which resulted
in no obvious increase in the temperature of rear end. This indicated that the flame
resistance was successful. As the obstacle was far away from the ignition source
(325 mm < L < 845 mm), the flame temperature was obviously increased under the
combined action of self-acceleration and obstacle. In particular, the flame could pass
through the flame arrester and ignite the premixed gas of rear end, further resulting
in the flame resistance failure and an obvious increase in the temperature of rear end.
The disturbance of flame flow field by the obstacle began to decrease as the obstacle
location continued to increase (L > 845 mm), which led to the decrease of flame
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Fig. 6.15 The temperature and flame resistance results under different obstacle locations (N = 1;
BR=10.7)

temperature entering the flame arrester. In particular, the temperature history of rear
end did not show an obvious increase trend.

According to the flame resistance results, the flame resistance failure began to
occur as L was 325 mm, and the probability of flame resistance success showed a
trend of first decreasing and then increasing with the increase of obstacle location. As
520 mm < L < 780 mm, the flame resistance all failed. However, the phenomenon
of flame resistance success was presented again as L was 845 mm. It can be seen
that the probability of flame resistance success was related to the obstacle location
and was greatly affected by it. Besides, based on explosion parameters and flame
resistance results, the quantitative prediction models of V, Py and T, under different
obstacle locations were proposed, as shown in (6.5), (6.6), (6.7).

V, = 48.61414 + (174,806.42809/(498.00896 x ,/n/z))
(L — 602.29066) \ >
xexpl -2 x| ——————
498.00896
R?* = 0.9868 (6.5)

Pr = 0.12109 + (315.63988/(522.11371 x /T/z))

x exp(—2 x (L — 622.48957)/522.11371)?)
R? = 0.9868 (6.6)

Ty = 1247.02629 + (321, 198.21616/(581.08771 x ,/n/z))
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x exp(—2 x (L — 622.74745)/581.08771)%)
R* =10.9843 (6.7)

6.2.3 Obstacle Number

Figure 6.16a—c illustrate the effect of obstacle number on the explosion parameters
and the corresponding flame resistance results under different blockage rates (D =
120 mm; BR = 0.5, 0.6 and 0.7).

The explosion parameters (V, Py and Ty) showed an increase trend with the
increase of obstacle number [24, 25], and the rising degree was continuously
increased. In particular, the explosion parameters reached the maximum under the
action of obstacle number was 8. The effect of blockage rate on the explosion param-
eter was not obvious as N < 4. However, the blockage rate had an obvious effect on
the explosion parameter as N > 4. The above two obstacle parameters affected the
probability of flame resistance success by affecting the explosion parameter. The
flame resistance results were successful under three blockage rates as N < 4. The
flame resistance results were failed under three blocking rates as N > 4. The prob-
ability of flame success resistance was increased with the increase of blockage rate
as N was 4. This indicates that the obstacle number could significantly affect the
explosion parameter entering the flame arrester, and then affect the flame resistance
result. In particular, the flame resistance failure mostly occurred when the obstacle
number was larger.

6.2.4 Obstacle Blockage Rate

Figure 6.17a—c show the effect of blockage rate on the explosion parameters and the
corresponding flame resistance results under three obstacle numbers (D = 120 mm;
N =4, 6and 8). The explosion parameters (V, Py and T) near the front end of flame
arrester showed a trend of first increasing and then decreasing with the increase of
blockage rate [26, 27]. In particular, the explosion parameters reached the maximum
under the action of obstacles as N was 8 and BR was 0.5 (Vy = 11.8V,, Py = 9.8P
and Ty = 1.4T). And the probability of flame success resistance was the lowest.
Besides, the explosion parameter was continuously increased with the increase of
obstacle number. Combined with the explosion parameters, the probability of flame
success resistance showed a trend of first decreasing and then increasing with the
increase of blockage rate as N was 4. However, the flame resistance all failed under
five blockage rates as the obstacle number continued to increase (N = 6 and 8). This
indicates that the blockage rate could significantly affect the explosion parameters
entering the flame arrester, and then affect the probability of flame resistance success.
In particular, the flame resistance failure was more likely to occur when the blockage
rate was larger.
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Chapter 7 ®)
Resistance/Venting Characteristics e
of Gas Explosion in the Confined Spaces

7.1 Resistance/Venting Characteristics of Gas Explosion
in the Confined Spaces

7.1.1 Experimental Apparatus and Methods

7.1.1.1 Experimental Apparatus

The experimental apparatus is illustrated in Fig. 7.1. The spherical vessel is 600 mm
in diameter and 110 L in volume. Moreover, there is a duct connected to the vessel,
which is 250 mm in length. The two cylindrical pipes are 2000 mm in length and
60 mm in internal diameter are connected by flanges, then connect the pipe to the
duct. Finally, the end of the pipe is sealed with a blind flange, and a closed pipe-
connected spherical vessel is formed. A spark-plug 1 and a charge/exhaust valve
2 are installed on the spherical vessel. The pressure transmitters are flushed to the
surface of the spherical vessel, both sides of the porous material and the end of pipes;
the positions of the pressure transmitters are denoted as 4, 5, 6 and 7.

7.1.1.2 Experimental Methods

In this work, the porous material was fixed on a customized thin iron hoop with
0.5 mm stainless steel wire in the process of experiment, the sketch of the porous
material fixed in the pipe is shown in Fig. 7.2. Three categories of the porous materials,
foam Fe—-Ni, foam ceramic Al,O3, and foam ceramic SiC were selected as objects
for the CH4/Air explosion suppression experiment. The geometric parameters of the
porous materials are shown in Table 7.1.

The initial pressure of the experiment was set to O MPa (the pressures in the paper
are gauge pressure). The closed pipe-connected spherical vessel was evacuated to
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Fig. 7.2 Schematic drawing of fixing mode of porous materials

— 0.095 MPa by the vacuum pump. Then the CH4/Air mixture at a concentration of
10% was transferred into the apparatus by an RCS2000-B automatic gas distribution
system, until the gauge pressure indicated 0 MPa. Before ignition, the gas mixture
was allowed to mix for 3—5 min to ensure the quiescence and homogeneity. A high-
tension spark plug located on the upper wall of the spherical vessel was activated to
ignite the flammable premixed gases, and the ignition energy was 6 J. The HM90-H3-
2 high-frequency pressure transmitters were used to measure the overpressure. The
JV5231 multichannel data acquisition instrument was adopted to collect synchronous
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Table 7.1 Geometrical parameters of porous materials

113

No. | Porous material | Thickness (mm) | Pore size (PPI) | Volume density | Open-cell rate
(g/em’?) (%)
1 Fe—Ni 10 90 0.4172 > 98
10 40 0.2694 > 98
2 SiC 20 20 0.6030 80-90
20 10 0.5795 80-90
3 Al,O3 10 50 0.5803 80-90
10 30 0.7249 80-90

Note PPI means the number of pores per inch

data. After a test, the experimental apparatus was flushed by air three times to avoid
the effect of residual exhaust gases. Each group of the experiment was repeated at
least three times to confirm the reproducibility.

7.1.1.3 Experimental Conditions

The aim of this work it to investigate the suppression effect of porous materials on
CHy4/Air mixtures explosion. Three categories of porous materials were used in the
experimental study. The detailed experimental scheme is shown in Table 7.2.

7.1.2 Explosion Characteristics Without Porous Materials

As shown in Table 7.2 (i.e., Group A), a blank experiment was carried out before
conducting the study on the explosion suppression of the porous material in the closed
pipe-connected spherical vessel. The blank experiment consisted of two sets of tests,
one of which was without any obstruction, i.e., A-1; while the other included a fixed
thiniron hoop (i.e., A-2) at the location (i.e., position 3) where the porous material was
placed. Generally, there exist inherent oscillations in the explosion evolution curve,
the sources of the oscillations include combustion noise, mechanical vibration and so

Table 7.2 Experimental

. Group | Experimental scheme
scheme of porous materials
for explosion suppression A (1) None (2) Iron hoop
B (1) Fe-Ni 10 mm/90 PPI | (2) Fe-Ni 10 mm/40 PPI

(3) SiC 20 mm/20 PPI
(5) AlbO3 10 mm/50 PPI

(4) SiC 20 mm/10 PPI
(6) AlO3 10 mm/30 PPI
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on [1]. Thus, the explosion evolution curve is smoothed by the method of Savitzky—
Golay to determine the gas explosion characteristic parameter [2]. Since the sampling
rate is 100 kHz in this study, the window of 75 points was used [3].

The stability and accuracy of the experimental apparatus is the key to evaluate the
explosion suppression effect of porous materials. Prior to the experiment study on the
explosion suppression effect of porous materials, the blank experiments without any
obstruction A-1 and with thin iron hoop A-2 were performed three times, respectively.
The maximum overpressure Pn,x measured in each group is compared, and the
standard deviation of Py, at positions 4, 5, 6 and 7 is obtained, as shown in Fig. 7.3.

Figure 7.3 shows that the error of the Py,,x measured in the blank experiment
is within 5%, the results implied that the reproducibility of experimental data was
good. As indicated in Fig. 7.3a, the P, is gradually increasing, and the Pp,.x at
position 7 was the greatest in the case of no obstacle. However, Fig. 7.3b shows the
Pax was significantly different when the obstacle of a thin iron hoop was added, it
can be found that the Py, at positions 4, 5, and 7 decreased, and the P, at position
6 increases significantly, compared with Fig. 7.3a. Simultaneously, the oscillation of
the overpressure in the spherical vessel is obvious, e.g., the pressure—time profiles
of Group A-1 at position 4 as shown in Fig. 7.4.

Figure 7.4 shows the entire explosion process of the CH4/Air mixture in the closed
pipe-connected spherical vessel, in which the explosion characteristic parameters
including the Pp,,«x and the maximum rate of pressure rise (dp/dt)m,x can be obtained
(Standard Test Method for Explosion Parameters of Flammable Gases GB/T 803-
2008; American Society for Testing and Materials (ASTM) ASTM E 681-04).

The overpressure-time curve shows a trend of rising first and then falling, the
pressure begins to decrease due to the heat loss to the wall [4]. Oancea et al. [5]
reported that the P, could be given by Eq. (7.1).

ye_l
Vo

Prax = kaav - Po — qur (7.1)
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profiles at position 4 for
Group A-1

Maxium rate of]
pressure rise
(dprdt),

Maximum overpressure (P, )

Overpressure MPa

1
'
'
1
'
'
:
Igintip

in which k,g v = P./Py is the adiabatic coefficient of the pressure development during
an explosion, P, is the adiabatic overpressure, P is the actual overpressure, g is
the heat losses, y. is the specific heat ratio and V is the volume of the experimental
apparatus. Equation (7.1) indicates gy is the key factor for the evaluation P.
Besides, there is a clear overpressure peak during the rapid development stage of each
combustion explosion experiment (i.e., A in Fig. 7.3). Combustion and explosion
occurred first in the spherical vessel, causing the overpressure to rapidly increase
and propagate to the pipes before the explosion flames, finally, a rarefaction wave
appeared during the explosion process [4, 6]. Furthermore, the rarefaction wave
caused the overpressure of the spherical vessel to drop rapidly. When the flame front
reached the connection part of the spherical vessel and the duct, the combustion of
the gases was exacerbated because the flame front is unstable, and the overpressure
increases again [7].

The parameters Ppax and (dp/dt)max of the blank experiment at positions 4, 5, 6,
7 are summarized in Table 7.3. The Py,,x of the blank experiment A-2 at position
4, 5 and 7 was reduced compared with that of no obstacle A-1, but the Py, at
position 6 was increased to 0.5765 MPa and the (dp/dt)max at position 4 reached to
19.5765 MPa s~ 1.

Table 7.3 Explosion characteristic parameters of blank experiment

Item Test A-1 Test A-2
position | p_,. (MPa) (dple)ma Prnax (MPa) (dplet)imax

(MPa? s 1) (MPa? s~ 1)
P4 0.4392 +0.0128 | 15.2453 +0.8927 | 0.4317 +0.0130 | 19.5765 + 1.2987
P5 0.4445 £ 0.0025 | 4.8576 £ 0.6758 |0.4099 +0.0138 | 5.1347 £ 0.3564
P6 0.4507 +0.0100 | 8.5654 + 0.8076 |0.5765 4+ 0.0018 | 5.8871 = 0.7543
P7 0.4643 +0.0129 | 11.3087 +0.9754 | 0.4393 +0.0130 | 10.7864 + 0.9688
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As indicated in Table 7.3, when the thin iron hoop was added, the relative over-
pressure difference (AP = Ppax ps — Pmax ps) between position 5 and position 6 is
much greater than that without an obstacle. The reason for this change is that the
explosion flames of A-1 propagating from the spherical vessel into the pipes can be
normal along the pipe, resulting in the trend of the overpressure keeps rising slowly
along with the positions. When the thin iron hoop was added to the experimental
apparatus, it becomes an obstacle due to the inner diameter of the iron hoop is smaller
than that of the pipes. When the flame interacts with the iron hoop, the flame front
appears to be more turbulent and corrugated indicating that the surface area of the
flame increases rapidly. A violent physical-chemical coupled activation occurs at
the downstream of the iron hoop, thereby the combustion reaction rate is boosted.
This may result in an overpressure enhancement [8—11]. Consequently, the P« at
position 6 is increased, and the (dp/dt)yax at position 4 and position 5 is greater than
A-1. These indicated that the thin iron hoop plays an important role in influencing
the pressure propagation of the CH4/Air mixture explosion.

7.1.3 Effect of Porous Materials on Explosion Suppression

As shown in Table 7.2 (Group B), in order to study on the characteristics of explosion
suppression, six subcategories of the porous materials were selected to carry out.
Figure 7.5a, b illustrated the overpressure-time curves at position 6 and the mean
of maximum overpressure at position 4, 5, 6 and 7 for six subcategories of porous
materials, respectively.

Itis noticeable from Fig. 7.5a that the Py,,x of B-4 SiC 20 mm/10 PP is the largest,
and the P,x of B-6 Al;O3 10 mm/30 PPI is the smallest. Obviously, the one-layer
porous materials exhibit a positive effect on the explosion suppression of CH4/Air
mixture compared to the blank experiment, where B-4 is negative. The porous mate-
rial plays both positive and negative roles in affecting the explosion parameters. On
one hand, it can achieve flame quenching and heat dissipation, showing a negative
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Fig. 7.5 Overpressure of one-layer porous materials
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effect on the explosion. On the other hand, it acts as a turbulence generator, under
which the explosion process can be facilitated. As explosion waves arrive at the
pore surface of porous materials from different angles, the reflected and scattered
waves formed will exert vibrations of the air and porous struts, most of the explo-
sion wave energy is consumed and converted into heat energy [12]. Moreover, the
interconnectivity of the porous materials could provide a matrix of tortuous narrow
passageways that the flam passes through, the flame is divided into large numbers of
flame streams immediately because of the pores of porous material. The mean P«
of B-4 is significantly larger than the other ones, it’s almost the same as the blank
experiment with thin iron hoop. Besides, it can be found that the worse the explosion
suppressive effect, the earlier the Pp,.x reaches for the one-layer porous materials.

To further quantitatively analyze the effect of porous materials on explosion
suppression, the characteristic parameter K (MPa” s~!) is defined as the product of
the Pax and the (dp/dt)max, and the error value of K is obtained by the propagation of
error [13]. Generally, the greater the K is the worse the explosion suppressive effect
of the porous materials [14, 15]. The explosion intensity parameter K is summarized
in Table 7.4, and the explosion intensity trend at positions 4, 5, 6 and 7 is shown in
Fig. 7.6.

As illustrated in Table 7.4, it could be observed the K at position 4 are greater
than at other ones. This is related to the space size of the combustion explosion, the
larger space, the more adequate the combustion explosion reaction is [16]. As shown
in Fig. 7.6, when the one-layer porous materials are added, the explosion intensity
trend of the one-layer porous materials in the path of pressure propagation first
decreased sharply, then increased slightly, and finally decreased slowly. Comparing
the parameter K according to Table 7.4 and Fig. 7.6, it can be found that the explosion
intensity trend of B-4 at position 4 is greater than that of A-1 and A-2, indicating
that the explosion intensity suppression of B-4 is poor. The explosion intensity of
B-1 Fe—-Ni 10 mm/90 PPI and B-3 SiC 20 mm/20 PPI at position 4 is between A-1
and A-2, but these at positions 5, 6 and 7 is less than A-1 and A-2. Meanwhile,
the explosion intensity of other one-layer porous materials is better than that of A-
1 and A-2. The above results have shown that the one-layer porous materials can
play a better explosion suppressive effect except B-4. Comprehensively, the optimal

Table 7.4 Explosion intensity parameters of one-layer porous materials

K Position 4 Position 5 Position 6 Position 7
(MPa2 s~ 1)

Item

B test 1 8.2385 £ 1.6634 | 0.8142 +0.1771 | 1.0665 £ 0.1710 | 0.5638 4 0.1645

B test2 3.2856 +0.4651 |0.6333 £0.0966 |0.8280 & 0.1843 |0.7879 £ 0.1735
B test 3 8.7352 £ 0.4005 |0.6555 +£0.0523 |0.6893 £ 0.0690 |0.7244 £ 0.1554
B test 4 11.3740 £ 0.9406 | 1.8500 £ 0.3042 |3.6184 +0.3396 |4.8726 + 0.6820
B test5 4.1968 £ 0.2656 | 0.8696 £ 0.0731 |1.0617 £0.0518 |1.1153 £ 0.0063
B test 6 5.2776 £0.7046 | 0.5741 £0.0662 |0.6541 +£0.0797 |0.7179 £0.1118
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explosion suppressive effect of the one-layer porous materials is exhibited by B-2
Fe-Ni 10 mm/40 PPIL.

The main reason for the poor explosion suppressive effect of B-4 is that the pore
size is too large to give effective explosion suppression in the experiment. When the
combustion flame passes through the porous materials, the larger pore size of the
porous materials can not achieve quenching, but rather enhances the turbulence of
flame combustion [17]. The pore size of the porous material B-1 is less than that of
B-2 Fe—Ni 10 mm/40 PPI, but the effect of explosion intensity suppression is not as
good as B-2, because the microstructure of the porous material can not only quench
flames but also impede the propagation of overpressure [18, 19]. According to the
law of conservation of momentum, the explosion flame through the porous media
will cause viscosity loss (Darcy) and internal loss, manifested as flame quenching
and pressure hindrance, which are closely related to the properties, thickness, pore
size and combination mode of porous materials [20]. Therefore, the comprehensive
explosion suppressive effect of B-2 on flame suppression and pressure propagation
is superior to that of other one-layer porous materials.

The anti-sintering ability and impact resistance of the porous materials were
analyzed by using a BX53M system microscope to observe the structure of one-
layer porous materials after explosion suppressive experimental, and the results are
shown in Fig. 7.7. It can be found that the surface morphology of the foam Fe—
Ni porous material has obvious burning traces. The surface morphology of the SiC
porous materials also has slight burning traces, while the Al,O3 porous material has a
strong anti-sintering ability and no cauterization on the surface. And the black carbon
produced by incomplete combustion remained in the internal structure of the porous
material. The six subcategories of porous materials showed no internal structural
damage, indicating that the impact resistance of porous materials is strong. More-
over, it is noticeable from Fig. 7.7 that the porous materials consist of pore and strut,
and the spatial skeleton structure of porous material is three-dimensional network
structure, with sound connectivity and large porosity. The large specific surface area
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Fig. 7.7 BXS53M system microscope images of porous materials showing anti-sintering the ability
and impact resistance at 10 times magnification

hints increased heat dissipation. These characteristics play an important role in gas
explosion suppression.

The porous materials were combined each other due to the difference between
explosion suppression and anti-sintering ability. Consequently, the explosion
suppressive characteristics of the two-layer composite porous material and the three-
layer composite porous material in the pipe-connected spherical vessel were studied
according to the combination mode in Table 7.2.

7.2 Interaction Mechanism of Wire Mesh and Venting
on Gas Explosion

7.2.1 Experimental Apparatus and Methods

7.2.1.1 Experimental Apparatus

In this experiment, a combination of a spherical vessel and a duct were used, as
shown in Fig. 7.8. The volume of the vessel was 113 L. The length of the pipe was
2000 mm and its inner diameter was 60 mm. The venting positions respectively
located at the end of the duct and the top of the vessel, and the top venting diameter
was 50 mm. A duct flange with a length of 250 mm was placed horizontally on
the right side of the vessel, which was used to install the wire mesh and realize the
connection with the venting duct. A polypropylene venting membrane was installed
at the end of the duct to seal the duct. The premixed methane gas was prepared
using the RCS2000-B automatic gas distribution system. A high-energy ignition
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system (KTD-A) was used to ignite the premixed gas (ignition energy (Q) = 2—
6 J). The ignition position was the center of the vessel, which was 300 mm away
from the vessel wall. Explosion flame propagation process was recorded by a high-
speed camera with a maximum resolution of 1280 x 1024 pixel and the frame rate
was 1000 fps. The pressure data was recorded by a high frequency pressure sensor.
Further, the DEWE soft multichannel data acquisition system realized the program
control and data acquisition.

The wire mesh material used in the experiment was 304 stainless steel. One-
layer, three-layer, five-layer and 20-mesh, 40-mesh, 60-mesh wire mesh were used
in the experiment, respectively. The metal wire mesh parameters used in the exper-
iment are listed in Table 7.5. The wire mesh could withstand the high temperature
and pressure of the methane explosion venting. In order to demonstrate adequate
levels of repeatability, each experiment was repeated three times at least in this
research to guarantee the experimental accuracy. According to the measured results,
the maximum deviation of the repeatability experiment was 6.9%.

——>
2000 mm

Vacuum pump [ ] P4

Automatic gas,
distribution
system

High-speed camera

CH, Air

Fig. 7.8 Schematic diagram of the experimental equipment

Table 7.5 Properties of wire mesh types used in the tests

Number of wire

Number of holes

Aperture size

Wire diameter

Volume fraction

mesh (N) per centimeter (N/ | (mm) (mm) of metal (%)
cm)

20 7.87 0.949 0.314 0.389

40 15.7 0.439 0.194 0.478

60 23.6 0.302 0.154 0.574
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7.2.1.2 Experimental Methods

The experiments for different kinds of explosion suppression parameters, explosion
venting parameters and initial conditions were conducted, in order to analyse the
interaction mechanism of the premixed gas explosion with wire mesh suppression
and ducted venting. The experimental scheme is shown in Table 7.6.

The wire mesh parameters mainly included the number of layers and meshes. The
explosion venting parameters mainly included the venting diameter and the rupture
pressure (the pressure when the venting membrane ruptured). The initial conditions
mainly included the initial concentration, initial pressure, ignition energy and venting
position.

Table 7.6 Experimental scheme

Number | Explosion venting Initial conditions
parameters
Venting Rupture Initial Initial Ignition Venting
diameter pressure concentration pressure energy (J) position
(mm) (MPa) (%) (MPa)
Al 30 0 9.50 0 6 Duct end
A2 40
A3 50
A4 60
Bl 60 0 9.50 0 6 Duct end
B2 0.05
B3 0.10
B4 0.15
B5 0.30
Cl 60 0 6 0 6 Duct end
C2 8
C3 9.50
Cc4 12
&) 14
D1 60 0 9.50 0 6 Duct end
D2 0.01
D3 0.02
D4 0.03
El 60 0 9.50 0 2 Duct end
E2 3
E3 4
E4 5
ES 6
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7.2.2 Effect of Mesh Parameters

7.2.2.1 Flame Structure

The effect of wire mesh number and layer on the flame structure outside the explosion
vent is shown in Fig. 7.9. The three symbols represent three different layers of metal
wire mesh, the number of wire mesh layers is one, three, and five respectively. It
is observed that the external flame length of the explosion venting vessel decreases
successively with an increase in the wire mesh number and layer. The aperture and
opening rate of the metal wire mesh decreased as the wire mesh number and layer
increased, which resulted in the increase of discretization degree. The increase of the
contact area between the flame and the metal resulted the increase in the heat loss of
the flame. The high heat loss of the flame resulted in the smaller propagation distance
of the flame passing through the wire mesh, which means that the suppression effect
of flame propagation was better. During the experiment, the vessel and duct were
filled with premixed gas. In the case of 5 layers of 60 mesh steel wire mesh, there
was no flame outside the venting port, which meant that the premixed gas behind the
wire mesh was not ignited. This also indicated that the flame was inhibited by the
wire mesh.

Fig. 7.9 Explosion venting Maximum flame length
flame structure under 0 layer Py =0.36 MPa
different wire mesh
suppression conditions 1 layer of 20 mesh P, =047 MPa
3 layers of 20 mesh P o =0.51 MPa
5 layers of 20 mesh P =0.57 MPa
1 layer of 40 mesh P =0.48 MPa
3 layers of 40 mesh Pisx =0.52 MPa
5 layers of 40 mesh . Ppax =0.59 MPa
layer wire mesh max
wire mesh
1 layer of 60 mesh P, . =0.49 MPa
3 layers of 60 mesh P . =0.54 MPa
5 layers of 60 mesh M. No flame P =0.61 MPa

max

Venting port Flame length
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7.2.2.2 Internal Pressure

Figures 7.10 and 7.11 present the variation curves of Py, inside the vessel with the
increasing of wire mesh number and layer. The figures indicate that the Py, inside
the vessel was increased sequentially with an increase in the wire mesh number and
layer [21, 22]. With the number of layers increased from one to five, the Pp,x of
three kinds of wire meshes under explosion suppression conditions were increased
by 0.10 MPa, 0.11 MPa and 0.12 MPa, respectively. Similarly, with an increase in the
number of mesh, the P« of the three kinds of the layers under explosion suppression
conditions were increased by 0.02 MPa, 0.03 MPa and 0.04 MPa, respectively. It was
observed that the effect of the layers was more significant than that of mesh number,
and the P, appeared the maximum under the working condition of five layers and
60 mesh number. This is because the metal wire mesh had a dense pore structure.
The increase in the number of layers and meshes led to a decrease in the pore size and
mesh rate, which resulted in the heat inside the vessel could not be released quickly
owing to the decrease in mesh rate and the metal volume fraction was increased.
Additionally, the venting of the flame was affected by the reverse pressure wave
due to the obstruction of the metal wire mesh during the venting process [23-25].
In the process of flame propagation, the pressure wave would be prior to the flame
propagation. During the interaction between the precursor shock wave and the wire
mesh, one part of the shock wave would pass through the wire mesh. And the other
part would be blocked by the vessel wall and the wire mesh, which resulted in
backward propagation of shock wave and touching with the flame surface. The latter
was called reverse shock wave [26, 27]. With an increase in the number of wire mesh
and layer, the reverse pressure wave was also increased. And the internal pressure
venting rate of the vessel slowed down, resulting in a sharp increase in the internal
pressure of the vessel. Therefore, the Py, inside the vessel showed an increasing
variation trend with an increase in the wire mesh number and layer.

Fig. 7.10 Change of the 0.70
Pmax inside the vessel under AP=0.10 MPa —a— 20 mesh
the different wire mesh AP,=0.11 MPa —4— 40 mesh
layers 0.65 | AP::O 12 MPa —&— 60 mesh
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7.2.3 Effect of Venting Parameters

7.2.3.1 Venting Diameter

In order to achieve an optimal combination of explosion suppression and venting,
it is not only necessary to ensure that there is no venting flame outside the vessel
but also a small overpressure exists inside the vessel during practical applications.
Therefore, to investigate the effect of the venting diameter on the internal pressure of
the vessel, a 5-layer 60-mesh wire (without venting flame) was adopted for explosion
suppression working condition. Figure 7.12 presents the effect of the venting diameter
on the overpressure curves inside the vessel. The Py, showed an increasing trend
with the decrease of venting diameter (from 0.610 to 0.690 MPa). With the increase
of venting diameter (from 30 mm to 60 mm), the standard deviation of the P
of repeated experiments were 0.029, 0.026, 0.033 and 0.034, respectively. It can be
seen that the measured pressure can ensure the accuracy of the experiment. Under the
30 mm venting diameter, the overpressure inside the vessel reached the maximum
value (P = 0.690 MPa). It is because that the venting rate of explosion flame
was increased obviously with an increase in the venting diameter, which resulted
in the reduce of the heat accumulation rate inside the vessel [28, 29]. Additionally,
the reflection effect of the overpressure wave was enhanced with the decrease of
venting diameter when it passed through the vent port. The turbulence and heat
accumulation were also increased [30]. As a result, the P, inside the vessel was
increased with a decrease in the venting diameter, and its appearance moment was
decreased gradually.
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7.2.3.2 Rupture Pressure

The overpressure inside the vessel had a minimum value as the venting diameter
was 60 mm through the above analysis. Under this venting diameter, 5-layer 60-
mesh wire meshes were selected to research the effect of the rupture pressure on the
overpressure. Figure 7.13 presents the effect of rupture pressure on the overpressure
curves inside the vessel. As shown in Fig. 7.13, the Py,.x inside the vessel was
increased with an increase in the rupture pressure (from 0.610 to 0.655 MPa) and
its appearance moment was reduced [31, 32]. Similarly, (dp/df)max also exhibited an
increasing trend. Compared with no venting membrane, the P, inside the vessel
was increased by 1.8% and 7.4%, and (dp/dt)ma.x Was increased by 141% and 512%
as the rupture pressure was 0.10 MPa and 0.30 MPa, respectively. With the increase
of rupture pressure (from 0 MPa to 0.30 MPa), the standard deviations of the P«
were 0.034, 0.034, 0.035, 0.036 and 0.036, respectively. The overpressure inside the
vessel could not be released instantaneously due to the increase in rupture pressure,
resulting in the rapid accumulation of heat and then showing an increase trend of
pressure inside the vessel.
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7.2.4 Effect of Initial Conditions

7.2.4.1 Initial Concentration

A plot of the variation curves of the overpressure inside the vessel with time for
different initial concentrations (concentration of methane) is shown in Fig. 7.14.
Methane was selected as fuel and the initial concentration referred to the volume
concentration of methane during experiments. Five kinds of methane concentrations
(6%, 8%, 9.5%, 12% and 14%) were selected during the explosion venting experi-
ments, and the corresponding equivalence ratios (®) were 0.61, 0.83, 1, 1.06, 1.30
and 1.55, respectively. The overpressure inside the vessel first increased and then
decreased with an increase in methane concentration within the explosive limit [33—
35]. During the explosion venting process, the overpressure reached the maximum
(Pmax = 0.610 MPa) as the methane concentration was 9.5% (® = 1). It was because
that methane could react completely with air. As @ < 1, the explosion intensity
was decreased owing to the insufficient fuel (from 0.610 to 0.114 MPa). As ® > 1,
the lack of combustion-supporting gas (oxygen) required for the reaction was one
of the reasons for the decrease of explosion intensity (from 0.610 to 0.168 MPa).
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Fig. 7.14 Variation curves of overpressure inside the vessel with time under different initial
concentrations of methane

Simultaneously, the pressure decreased sharply after reaching the Pp,,. With the
increase of initial concentration (from 6% to 14%), the standard deviations of the
Pmax were 0.005, 0.011, 0.030, 0.007 and 0.007, respectively. Meanwhile, the pres-
sure decreased to a negative value in Fig. 7.14. With the increasing initial pressure,
the negative pressure inside the vessel was increased. After the pressure inside the
vessel was reduced to atmospheric pressure, the explosive gas continued to be vented
to the outside the vessel due to inertia, which leaded to the negative pressure inside
the vessel. The explosion strength was enhanced and the greater the inertia of explo-
sion venting with the increasing initial pressure, which resulted in the greater the
negative pressure inside the vessel. This phenomenon was also described in previous
research works [36—40].

7.2.4.2 Initial Pressure

The overpressure inside the vessel can be affected obviously by the initial pressure
inside the vessel during the explosion venting process. A plot of the variation curves
of the overpressure inside the vessel with time for different initial pressures is shown
in Fig. 7.15.

As shown in Fig. 7.15, the Py, inside the vessel was proportional to the initial
pressure. The P.x was increased significantly with the increase of initial pres-
sure (from 0.610 to 1.132 MPa). Compared with atmospheric pressure, the P,
at initial pressures of 0.01 MPa, 0.02 MPa and 0.03 MPa were increased by 13.61%,
38.36% and 85.57%, respectively. With the increase of initial pressure from (0 MPa
to 0.03 MPa), the standard deviations of the P,,x were 0.015,0.021, 0.019 and 0.024,
respectively. According to the ideal gas law, the higher the initial pressure results in a
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Fig. 7.15 Overpressure variation inside the vessel with time under different initial pressures

shorter distance between the premixed gas molecules, which resulted in the increase
of molecules number per unit volume. Hence, the enhancement in molecular activity
resulted in an increase in the collisions possibility, which accelerated the methane
explosion reaction rate and increased the explosion intensity [41-43]. After ignition,
the shock wave was vented to the outside the vessel through the vent port. However,
the exhaust volume exceeded the amount of gas produced by combustion in the later
stage of explosion venting, and the pressure inside the vessel gradually decreased to
atmospheric pressure. And the gas generated by the explosion continued to vent due
to inertia, resulting in a small negative pressure. Meanwhile, the explosion inten-
sity was increased gradually with the increasing initial pressure, and the inertia of
explosion venting got more intense, resulting the obvious negative pressure inside
the vessel.

7.2.4.3 Ignition Energy

A plot of the variation curves of the pressure inside the vessel with time for different
ignition energies is shown in Fig. 7.16. It can be observed that the P,,x was increased
with an increase in ignition energy under combined the wire mesh explosion suppres-
sion and the ducted venting (from 0.298 to 0.610 MPa). As 2 J < Q <4 J, the effect
of ignition energy on the P, was significant (from 0.298 to 0.517 MPa). And then
the effect was decreased as the ignition energy between 4 and 6 J (from 0.517 to
0.610 MPa) [44, 45]. Compared with 2 J, P,,x were increased by 40.60%, 73.48%,
89.93% and 104.70% respectively with increasing ignition energy. With the increase
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Fig. 7.16 Overpressure variation inside the vessel with time under different ignition energies

of ignition energy (from 2 J to 6 J), the standard deviations of the Py,,x were 0.012,
0.019, 0.023, 0.023 and 0.017, respectively. It is because that the explosion process
was a complex multistep chain reaction process. The ignition process of methane
explosion was a chain reaction process composed of several basic reactions. The
occurrence of methane explosion reaction needed a certain amount of energy to
break the chemical bond and produce free radicals. The chemical reaction could be
initiated as the molecules whose ignition energy exceeded a certain value (activation
energy). More free radicals were produced with increasing ignition energy, and the
number of activated molecules in unit volume was increased. This also leaded to
an increase in the energy that initiated the chain reaction. The more radical partic-
ipated in the chain reaction, which resulted in the more complete the explosion
and the stronger the explosion intensity. Macroscopically, Pp,x was increased with
increasing ignition energy [46].

7.2.4.4 Venting Position

As investigating the effect of venting position, the methane concentration, initial
pressure and ignition energy were 9.5%, 0 MPa and 6 J. The 5-layer 60-mesh wire
mesh structure was adopted. Figure 7.17 presents the variation curves of the overpres-
sure inside the vessel and the duct end under different venting positions. The venting
position has a significant effect on overpressure [47]. After ignition, the overpres-
sure underwent a rising process, and then the overpressure was vented outside the
vessel from the vent port. However, the explosion energy produced by the combus-
tion reaction inside the vessel was greater than the vented energy, which leaded to the
continuous increase of the pressure inside the vessel. Then, the explosion intensity
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Fig. 7.17 Variation curves of overpressure inside the vessel and duct end with time under different
venting positions

was weakened with the decrease of fuel inside the vessel, the overpressure was not
enough to offset the pressure vented from the vent port, resulting in the decrease of
overpressure [48]. Compared with the duct end venting, the Py, inside the vessel
and the duct end were reduced by 35.5% and 44.7% respectively under the vessel
top venting. The standard deviations of the P, inside the vessel and at the end of
the pipe under the vessel top venting were 0.014 and 0.009, respectively. And the
standard deviations under the duct end venting were 0.031 and 0.015, respectively. It
is because that the flame was accelerated inside the duct due to the unrestricted flame
propagation space, resulting in a significant increase in pressure. Compared with the
horizontal duct end venting, in the case of top venting, the overpressure wave was
easier to vent to the outside the vessel due to buoyancy. And the time for the pressure
shock wave to reach the vent port was also greatly shortened. Hence, the venting rate
of pressure shock wave was increased and the rate of heat accumulation inside the
vessel was reduced significantly.
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Chapter 8 ®)
Suppression Effects of Ultrafine Water e
Mist on Gas Explosion

8.1 Experimental Apparatus and Methods

The experimental apparatus was consisted of an explosion vessel, a gas supply
system, a mist generation system, an ignition system, and a process control and
data acquisition system, as shown in Fig. 8.1. The dimension of the explosion vessel
is 910 mm x 150 mm x 150 mm and the design pressure is 1.50 MPa. Two tempered
glasses were installed in the front and back sides of the explosion vessel for the visu-
alization of the flame evolution process. A pair of ignition electrodes with a gap of
5 mm was set 8§ cm apart from the bottom of the vessel to activate the explosion. The
high-frequency data acquisition card (PCI8348AlJ), with high-speed parallel analog
inputs and programmable digital outputs, was adopted in the process control and data
acquisition system to start the ignition and pressure acquisition in proper sequence.
A 50 kHz piezoresistive pressure sensor (MDHF20) with a dynamic responding time
of 1 ms was installed in the middle of the explosion vessel to acquire the pressure
history. A high-speed camera (FASTCAM SA4) was used to record the flame prop-
agation process. The frame rate and saving format (videos or photos) of the shooting
process were controlled by program.

The ultrasonic atomization system mainly includes an ultrasonic fogger unit, an
atomization cup (80 mm x 80 mm x 150 mm) with four guide fins, a transformer,
etc., as is shown in Fig. 8.2. The system was located at the top of the explosion vessel.
Once connected the power, the mist was generated inside the vessel directly. With the
mist amount increased, the ultrafine water mist spread into the whole vessel through
the outlets uniformly distributed in the sidewall of the atomization cup. The ultrafine
mist fell very slowly after escaping from the atomizing cup and wouldn’t settle a lot
under the action of gravity and drag forces. The amount of atomization was greater
significantly than the amount of settled mist. Meanwhile, in order to avoid the effect
of the visual windows on the diameter mensuration process, the diameter of the mist
was measured before the mist was injected into the vessel. The generating rate of the
mist was 1.146 g/min which was measured by the precision balance, and the mist size

© The Author(s) 2025 135
Z. Wang and X. Cao, Gas Explosion and Its Protection Technology in Process
Industries, https://doi.org/10.1007/978-981-96-3121-6_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-3121-6_8&domain=pdf
https://doi.org/10.1007/978-981-96-3121-6_8

136 8 Suppression Effects of Ultrafine Water Mist on Gas Explosion

Fig. 8.1 Schematic of Ultrafine
experimental apparatus Stomization system
Exhausted outlet T .
= Date acquisition
—Ped— 2 and control system
Ball valve s Pressure
= sensor
Vacuum -%
gauge k)
Vacuum o .
pump 5 High speed
5 camera
2
=
@]
Igintion system
CH: Air

was 10.03 um which was measured by a phase Doppler particle analyzer. Before the
outlet, there laid a stainless-steel mesh guarding against the large diameter droplet
splashing into the vessel and causing large disturbance to the flame front.

Based on Dalton’s law of partial pressure, the premixed gas of 6.5, 8, 9.5, 11,
and 13.5% methane concentration was prepared in the combustion chamber repre-
sentatively. According to generation rate of the mist and the scheduled time, the
suppression experiments were conducted under eight spraying concentrations (i.e.,
56, 112, 168, 224, 280, 336, 448, 560, and 840 g/m3). Initial pressure was 0.1 MPa
before experiments. After ignition, the flame propagated upward and the pressure
began to rise rapidly. The explosion flame and overpressure were recorded by high-
speed camera and high frequency pressure sensor. To guarantee the accuracy of
experimental data, each suppression experiment was repeated 4 times at least.
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8.2 Visualization of Flame Propagation Process

8.2.1 Relationship of Pressure Rising and Flame
Propagation

Figure 8.3 presents the relationship between pressure rising rate, flame propagation
velocity and flame front structure of 9.5% methane explosion under no spraying. At
0 ms, the premixed gas was ignited and the flame developed in the form of sphere. The
flame expanded outwards freely, without effects of the sidewalls. The pressure rising
rate history increased slowly due to slower flame propagation velocity in the initial
stage (t = 0-32 ms). With the increase of the diameter, temperature and pressure of
combustion wave in the flame front got higher, which made the combustion products
expand rapidly. The flame began to accelerate after 32 ms due to the increase of the
flame surface area, and the pressure rising rate history increased rapidly. At 55 ms,
the maximum flame propagation velocity (Vmax) appeared which indicated that the
flame skirt touched the sidewalls [1], and the subsequent flame deceleration was
observed due to the flame surface loss. During this stage, the flame propagated in the
form of finger (t = 32—88 ms). The curvature radius of flame front increased gradually
after 55 ms with the flame propagating velocity decreasing sharply. As the pressure
rising rate reached the first peak value, flame propagation velocity was minimum
value and the flame front changed into the “plane” flame (t = 88 ms). The accelerating
propagation of combustion wave resulted in the first accelerating rise of pressure
rising rate history and the appearance of first peak value. Subsequently, the flame
near the sidewall began to accelerate and the flame started to invert, which indicated
that the “tulip” flame started to appear. With the formation of the “tulip” flame, the
flame velocity and pressure began to increase again due to the second growth in
the flame surface area (t = 140-208 ms). Moreover, the velocity history appeared
oscillation variation in the later period of flame propagation [2]. It is deduced that the
combustion wave would be affected by reverse action of pressure wave (or acoustic
wave) due to the blocking of the vessel end. At 208 ms, the pressure rising rate
increased to the maximum value as the flame reached the brightest intensity. Then
the flame began to extinguish and the pressure rising rate decreased rapidly.

8.2.2 Flame Front Structure

As is shown in Fig. 8.3, the explosion flame propagation process experienced
“sphere” flame — “finger” flame — *“plane” flame — “tulip” flame. After the “plane”
flame formed, the flame moving velocity near the sidewall began to accelerate and
the flame velocity in the central axis slow down suddenly. It means that the “tulip”
flame formed gradually. Therefore, the sudden acceleration of flame propagation
near the sidewall was the signal of “tulip” flame appearance. The flame front posi-
tion at this moment was defined as the appearance height of the “tulip” flame. The
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Fig. 8.3 The relationship between pressure rising and flame propagation

solid red lines stand for the positions of the flame front as the flame near the sidewall
began to sudden accelerate after “plane” flame in Fig. 8.4. Figure 8.4a—c presents
the appearance height and corresponding moment of the “tulip” flames of 8, 9.5, and
11% methane explosions with increasing spraying concentration. The appearance
height of the “tulip” flame was increased and corresponding moment was delayed
obviously.

Figure 8.5 shows the effect of spraying concentration on the percentage of “tulip”
flame appearance height to the total height of the vessel, and on the percentage of the
“tulip” flame appearance time after ignition to the total time of flame propagation
from the bottom to the top of the vessel. It can be seen that the height percentage and
the time percentage were increased obviously with increasing spraying concentration.
For 6% and 13.5% methane explosions, the “tulip” flame would not appear when
spraying concentrations exceeded 112 g/m? and 168 g/m?, respectively. As methane
concentration was far away from the stoichiometric ratio, the combustion wave was
weakened easily by water mist due to the weaker explosion intensity. It is concluded
that the appearance of “tulip” flame was affected by the explosion intensity and
spraying concentration.

The formation of “tulip” flame could be attributed to the interactions among
the flame front, the flame-induced reverse flow and the vortices behind the flame
front. The existences of the reverse flow and the vortices in burned gas have been
demonstrated by the PIV images in Bogdan’s experiments [3]. And the evolution
process of explosion flow field was also described in the numerical simulation [4].
During the flame propagation, the reverse flow appeared behind the flame front and
its appearance was prior to that of two symmetrical vortices near the bottom end.
The reverse flow became stronger with the flame accelerating propagation, which
resulted that the two symmetrical small vortices were initiated and moved toward the
flame front with a higher velocity relative to the flame front, then developed to two
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Fig. 8.5 Effect of spraying
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large symmetrical vortices behind the flame front. The curvature radius of flame front
increased as the symmetrical vortices near sidewalls moved forward and approached
the flame front gradually, which would result in the flame surface reduction and
“plane” flame appearance. With the enhancement of vortices intensity, the flame
propagation velocity near the sidewalls was higher than that in the flame front center
zone, resulting in the formation of the “tulip” flame eventually. After spraying mist,
the released combustion heat was absorbed obviously in reaction zone and the burned
zone. And the explosion intensity and gas combustion rate were weakened obviously
with increasing spraying concentration, resulting in the reductions of reverse flow and
vortices intensities. As a result, the moving velocities of the vortices near sidewalls
and reverse flow in flame front center zone were decreased significantly, which
resulted in the delay of “tulip” flame appearance moment. Besides, the moment of
“tulip” flame formation was inversely proportional to the laminar burning velocity
[5], the reduction of the burning velocity resulted from the heat absorption of water
mist would also make the appearance moment of “tulip” flame was delayed obviously.

8.2.3 Flame Flow Field Structure

The addition of ultrafine water mist would cause obvious changes in the explosion
flame structure, which means that not only had an effect on the flame reaction zone,
but also had a significant impact on the burned zone. After spraying, the flame would
appear rhagadiform “cellular” structure. Figure 8.6 presents the evolution process of
8% methane explosion flame “cellular” structure under 336 g/m?® spraying concen-
tration. The cellular structure underwent four developing stages, “cellular” formation
— “cellular” development — “cellular” reduction — “cellular” disappearance. In
the initial stage, the flame broke up into large cellular structure (t = 140 ms). With
the flame propagating, the large cellular structure at the bottom broke up into small
cellular structure, but it was still large cellular structure in the upper zone (t =
210 ms). It means that the flame propagated upward with large cellular structure,
and then broke up into small cellular structure gradually (point 2 and 3). The corre-
sponding positions of flame structure variation were marked with number 1-7 in
Fig. 8.6. At 235 ms, the cellular structure began to disappear from the bottom to
the top of the vessel (t = 270-380 ms). The size of cellular structure closing to the
lower flame front was still very small (point 5, t = 270 ms). With the proceeding
of flame propagation, the cellular structure was superimposed and transformed into
large cellular structure. Eventually, the cellular structure disappeared.

The addition of the mist would cause the formation of cellular structure of explo-
sion flame burned zone. Similar phenomenon was also mentioned by relevant scholars
and it was concluded that hydrodynamic instability led to the formation of flame
cellular structure [6, 7]. However, the cellular structure would not always appear in
methane explosions after spraying mist in our experiments. For 8% methane explo-
sion, the cellular structure would appear after spraying concentration reached 112 g/
m?3. And the cellular structure was more significant with the spraying concentration
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increased. For 9.5% methane explosion, the cellular structure would appear as the
spraying concentration exceeded 448 g/m?. For 11 and 13.5% methane explosions,
ultrafine water mist would not cause the appearance of cellular structure; but the
explosion flame behind flame front was extinguished acceleratingly with increasing
mist concentration. Especially, the 6% and 13.5% explosion flames appeared insta-
bility and became irregular as the spraying concentration exceeded 112 g/m? and
168 g/m?, respectively. The cellular structure would not be also observed due to the
instability affected by heat absorption of the mist.

The formation of cellular structure could be attributed to the combined effects
of hydrodynamic instability and diffusive-thermal instability after spraying mist,
which indicated that the mist as a diluent can cause the intrinsic flame instability
[8]. Hydrodynamic instability, existing in whole flame propagation process, results
from large thermal expansion and can be affected by the flame thickness and flame
stretch rate [9]. The diffusive-thermal instability was caused by the mass-heat diffu-
sion disequilibrium and can be characterized by the effective Lewis number. Thinner
flame thickness and larger thermal expansion ratio tend to enhance the hydrodynamic
instability and the flame thickness and thermal explosion ratio would be decreased
after adding mist at atmospheric pressure [10]. The effective Lewis number was
reduced slightly as water mist was added into the premixed gas and had a promoting
effect on the diffusional-thermal instability. Hence, the appearance of cellular struc-
ture was the result of the competition between hydrodynamic and thermal-diffusive
instabilities.

The flame radius was small and the flame stretch was large enough to main-
tain the stable and smooth flame structure in the initial stage of flame propagation
after spraying mist. With increasing flame radius, the cellular structure appeared and
became more significant due to the enhancement of intrinsic flame instability. Herein,
spraying concentration was denoted as Q. As Q < 112 g/m? for 8% and Q < 448 g/m?
for 9.5%, less spraying concentration would not result in the appearance of cellular
structure. However, amounts of cracks appeared in the flame surface and showed the
tendency of more cellular as the flame propagated upward with increasing spraying
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concentration. The promoting effects consisted of the diffusional-thermal instability
due to the reduction of Lewis number and the hydrodynamic instability due to the
reduction of flame thickness, and the inhibiting effect was the hydrodynamic insta-
bility due to the reduction of thermal expansion ratio. It indicated that the promoting
effects were larger than the inhibiting effect. For 11.0 and 13.5%, the cellular struc-
ture would not appear in all propagation stages, however, the flame extinguished
acceleratingly in burned zone. It indicated that the inhibiting effect dominated over
the promoting effect. According to the occurrence regularity, it is also concluded that
the appearance of cellular structure was related to the methane and spraying concen-
trations, and water vapor after mist evaporation would exist in the burned zone and
continue absorbing heat behind the flame front. The molecular level mixing made
water vapor show better heat absorption capacity.

8.3 Effects of Flame Propagation Velocity by Spraying
Concentration

Figure 8.7 shows a comparison of the flame front height of 9.5% methane explosion
under different spraying concentrations. With the spraying concentration increased,
the flame shape showed similar phenomenon. However, the flame front height
decreased obviously. The variation of flame front height descended from 106 to
31 mm (t = 40-60 ms). Reduction in changes of flame front height indicated that
the flame propagation was obviously inhibited in the initial stage. Moreover, four
kinds of flame front shapes were delayed in time successively. As the diameter of
the spherical flame increased, the moment of flame touching the inner sidewall was
prolonged. And the appearance moment of the “tulip” flame was also delayed from
88 to 231 ms. The flame brightness decreased and changed from blue-golden yellow
to dark yellow. The “dark-black” flame in burned zone indicated that the flame
was extinguished acceleratingly due to the cooling effect of the mist on the burned
products.

Figure 8.8a, b shows the flame height and flame propagation velocity histories
of 9.5% methane explosion with the spraying concentration increased. The flame
propagation velocity was calculated from the variation of the flame front height with
time. As can be seen from Fig. 8.8a, the slope of the flame front height history was
decreased and spending time of flame propagation inside the vessel was prolonged
obviously with increasing spraying concentration. Figure 8.8b shows that the flame
propagation velocity slowed down successively, especially reflected in the reduc-
tion of initial stage flame propagation velocity, the decrease of the velocity history
slope, the reduction of the Vmax and the delay of its appearance moment. Similar
phenomena also existed in the 6.5, 8, 11, and 13.5% methane explosions.
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8.4 Effects of Overpressure by Ultrafine Water Mist

8.4.1 Overpressure Rising Process

Figure 8.9 shows the relationship between overpressure and pressure rising rate under
no spraying (9.5% CHy). According to the pressure rising rate, the pressure rising
process was divided into three stages (I, II, and III in Fig. 8.9). (I) The first accel-
erating rise stage; (II) the second accelerating rise stage and (III) pressure falling
stage. The pressure rising rate history present two peak values (point b’ and d’) and
one valley value (point ¢), which indicated that the pressure underwent two acceler-
ating rises. The second peak value was greater than first peak value and was called
maximum overpressure rising rate ((dP/dt)yax ). At 32 ms, overpressure history began
to rise (point a), then the pressure rising rate increased sharply (point a’-b’), and the
overpressure history also increased rapidly (point a and b). The first accelerating rise
appeared in this stage. After point b, the pressure rising rate decreased obviously. The
valley value appeared in point ¢/, then the pressure history appeared the second accel-
erating rise process (point ¢’-d’). The increasing extent of the second accelerating
rise was obviously higher than that of the first accelerating rise. The pressure rising
rate decreased suddenly after (dP/dt)ma.x (point d'—€’). The AP, appeared when the
pressure rising rate dropped to zero (point e). After that, the pressure history reduced
rapidly.
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Fig. 8.9 Methane overpressure rising process (9.5% CHy)
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8.4.2 Effects on Explosion Overpressure

Figure 8.10 shows the variation trends of pressure histories of 9.5% methane explo-
sion with the spraying concentration increased. The variation trends of pressure
histories with time showed similar characteristics, whereas the pressure rising rate
and explosion intensity decreased obviously. With increasing spraying concentration,
the moment of overpressure began to rise was delayed from 32 to 95 ms. During the
first and second accelerating rise stages, the slope of overpressure history decreased
obviously. The AP« reduced from 579 to 513 kPa and their appearance moment also
was delayed from 239 to 621 ms. Similar phenomena were also observedin 6.5, 8, 11,
and 13.5% methane explosions. Table 8.1 shows the AP;,x under different spraying
conditions. It indicated that the explosion suppression effect was enhanced with
increasing spraying concentration. Especially the flames of 6.5 and 13.5% methane
explosions can be inhibited absolutely as the spraying concentration was 336 g/
m?>. The flame became weaker and discontinuous above the electrodes and couldn’t
develop successfully. Meanwhile, the overpressure history would not increase after
the ignition.

8.4.3 Effects on Overpressure Rising Rate

Figure 8.11 presents the effect of spraying concentration on the pressure rising rate
history (9.5% CH,). Two peak values and one valley value were presented and the
second peak value was higher than the first peak value. Figure 8.12a, b shows the vari-
ation trends of two peak values and one valley value and their appearance moments.
With increasing spraying concentration, two peak values and one valley value were
decreased, and their appearance moments were increased obviously. The first peak
value was decreased from 2.82 to 0.95 MPa/s and the corresponding moment was
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Table 8.1 The APp.x and the corresponding moment of methane explosion under different
spraying concentrations (unit: kPa and ms)

Methane Spraying concentration (g/m?)
concentration 0 56 112|168 [224 [280 |[336 |448 [560 |840
6.50% | APmax | 422 | 396 | 397 | 352 | 318 | 233 |- |- |- |-
At 1002 | 1129 |1238 |1260 |1262 |1275 |- |- |- |-
8% APmax | 474 | 480 | 458 | 451 | 445 | 432 [429 [410 [405 |369
At 392 | 350 | 452 | 544 | 589 | 698 |750 |861 |957 |1091
9.50% | APmax | 576 | 579 | 578 | 562 | 538 | 531 [528 [524 [510 |507
At 230 | 232 | 277 | 294 | 362 | 396 [447 [478 [526 |626
11% APmax | 584 | 571 | 570 | 562 | 558 | 555 |553 |542 |514 |484
At 217 | 233 | 257 | 278 | 289 | 297 |330 (332 |522 |716
13.50% | APmax | 483 | 466 | 449 | 420 | 371 | 326 |- |- |- |-
At 675 | 700 | 907 |1114 |[1330 |1542 |- |- |- |-

delayed from 85 to 244 ms, and second peak value was decreased from 7.33 to
3.52 MPa/s and the corresponding moment was delayed from 209 to 574 ms. The
above result indicated that the first and second accelerating rise processes of overpres-
sure were weakened and the initial and later stages of flame propagation were inhib-
ited obviously. Meanwhile, the valley value was decreased from 1.88 to 0.58 MPa/
s, and the corresponding moment was delayed from 134 to 422 ms.

Figure 8.13 presents the reduction degrees of the first and second peak values with
the spraying concentration increased compared with no spraying. The reduction
degree in first peak value was increased from 8.51 to 66.31%, and the reduction
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Fig. 8.11 Effect of spraying concentration on overpressure rising rate (9.5% CHg)
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degree of (dP/dt)max Was increased from 16.10 to 51.98%. As Q < 224 g/m?, two
histories were intersected at point a. As Q < 224 g/m?, the reduction degree of the
second peak value was greater than that of the first peak value, which indicated
that the suppression effect of the mist on later stage of flame propagation was more
significant. Conversely, the reduction degree of the first peak value was greater as Q
> 224 g/m?, which indicated that the suppression effect of the mist on initial stage of
flame propagation was more obviously. Meanwhile, the time difference of two peak
values was enlarged from 124 to 330 ms. It indicates that the effect of explosion
suppression was obviously enhanced with increasing spraying concentration.
Reductions in explosion intensity and flame propagation velocity with increasing
spraying concentration can be attributed to the enhancements in heat absorbing, heat
radiation blocking, gas concentration diluting. First, droplets with size of 10 pm
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would evaporate directly rather than break up by absorbing momentum [11]. The
evaporation time scale of droplets 10 um in diameter was 107> ms orders [12].
Once touched with high temperature flame front, the mist would absorb amount of
combustion heat and evaporate rapidly, resulting in the great reduction of the flame
front temperature. Increase in spraying concentration would enhance the capacity of
heat absorption for the flame front. According to the Arrhenius formula, reduction
in flame front temperature would result in the slowdown of combustion rate.

Second, the water vapor after mist evaporation dispersed widely in the flame
reaction zone and unburned zone would dilute methane and oxygen concentration
[13]. Meanwhile, the water vapor would also block the heat transfer from combustion
zone to unburned zone. With the spraying concentration increased, the effects of
gas concentration diluting and heat radiation blocking were enhanced obviously,
resulting in the further weakening of heat transfer capacity. The weakening effect
would result that the intensity of combustion wave was decreased, and the flame
propagation velocity was decreased obviously, resulting in the reduction of pressure
rising rate.

Apart from the aforementioned physical effects, the suppression effect of the
explosion would also be attributed to the chemical effects. Two chemical suppression
mechanisms may be existed as follow. First, water vapor dispersed widely in the flame
combustion zone, and the water molecules as a third body would be involved in the
chain reaction of explosion process. Amount of high-energy radicals generated from
the chain reaction of explosion process would collide with the water molecules. As
aresult, the radicals would either become inactive with the energy, which were used
to activate the branch chain reaction, absorbed by water molecules or react with the
water molecules which interrupted the branch chain reaction. Energy absorption of
water molecules would weaken the explosion intensity obviously.

Second, water molecules would react with main active radicals (H, O, and OH)
of methane explosion process, resulting in the interruption of branch chain reaction.
The main participation process can be presented through the following steps. At high
temperature, water molecules would stabilize H from atom to molecule (2H + H,O
— H, + H,0). Due to the effect of the third body, amount of H and OH could be
reduced by forming H,O (H + OH + M — H,0 + M). Meanwhile, the key reaction
steps of producing the main active radicals were also prevented (HO, + CH4; — OH
+ CH30, H + O, — O + OH). The rate of promoting methane producing (C,Hg
(+ M) — 2CHj3; (+ M)) was greater than that of promoting methane consuming
(CH3 4+ Oy — O + CH30) [14]. With spraying concentration increased, the energy
of main active radicals and amount of active radicals were reduced obviously. The
two chemical suppression processes would decrease the chain reactions rate greatly
[15, 16].

Overall, compared with previous suppression experiments, the changes in explo-
sion flame structure and the relationship between pressure rising and flame propa-
gation were analyzed. The formation mechanism of the “tulip” flame was illustrated
from the viewpoint of the interactions among the flame front, the flame-induced
reverse flow and the vortices and the effect of spraying concentration on the “tulip”
flame was researched. The appearance of explosion flame cellular structure was
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analyzed and its formation resulted from the hydrodynamic instability and diffusive-
thermal instability after spraying mist. The change in explosion flame structure as
an explanation to reflect the suppression mechanism was investigated. During exper-
iments, without much disturbance were generated in the bulk flow flied to avoid
explosion enhancement.
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Chapter 9 )
Suppression Mechanism of Ultrafine st
Water Mist on Confined Gas Explosion

9.1 Numerical Models and Calculation Methods

9.1.1 Physical Model

Gas explosion was a rapid combustion reaction process of flammable gas, and the
flame propagates around after ignition. The reaction occurs at the interface between
the burned and unburned gases, accompanied by mass and heat transfers. Two promi-
nent characteristics of this process were the sharp increases in the temperature and
pressure inside the vessel. Thus, the ultrafine water mist as an inhibitor was adopted to
suppress the methane explosion in this study. And the research on gas explosion and
its suppression mostly were carried out in a confined space. Such as the study on char-
acteristics of gas explosion and the suppression of gas explosion [1]. Figure 9.1 shows
the physical model based on the experimental apparatus. After ignition, the flame
propagated as a spherical surface and acceleratingly moved upward after touching
the inside wall. The explosion intensity could be effectively reduced due to the heat
exchange after coming in contact with the ultrafine water mist distributed uniformly
inside the vessel. Furthermore, the vapor pressure after mist vaporization as an impor-
tant component affected the overpressure inside the vessel and it was also obviously
affected by the mist parameters at high temperatures.

9.1.2 Numerical Method

A three-dimensional numerical model for methane explosion suppression by ultrafine
water mist was established. Large eddy simulation and partially premixed combustion
models were used to determine the explosion flow field characteristics and methane
explosion process, respectively. The fluid governing equations of large eddy simula-
tion are obtained by filtering the operation of 3D unsteady conservation equations of
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mass, momentum, and energy for a compressible fluid. The Euler-Lagrange equation
was used to solve the continuous and discrete phases, and the coupling calculation
was realized by alternately solving these two phase models.

9.1.3 Boundary Conditions and Calculation Methods

The thicknesses of the vessel end flange and sidewall of a vertical cube struc-
ture (910 mm x 150 mm x 150 mm) were 30 mm and 14 mm, respectively. For
vessel walls, non-slip and mass permeability boundary condition were adopted to
the momentum equation (# = 0), and zero flux boundary condition was used for
progress variable equation (dc/dn = 0). The heat loss through the vessel walls was
considered, and the outer surface of walls was set to constant temperature boundary
condition of 300 K. The specific heat and thermal conductivity of the vessel walls
were set to 450 J/kg K and 48 W/m K, respectively. The premixed gas was ignited
by the high voltage discharge method at 110 mm above the bottom of the vessel. The
initial pressure and temperature were 0.1 MPa and 300 K. It was hypothesized that
the shape of the ultrafine water mist was spherical, and its surface was smooth, and
the mist did not break up before evaporation. Considering the heat transfer between
the ultrafine water mist and the wall surface, a non-adiabatic boundary condition was
adopted.

The numerical simulation was carried out using the FLUENT software, which
is based on a control volume method. A coupled solver with explicit linearization
of the equation set was adopted. The time step was determined from the Courant—
Friedrichs—Lewy (CFL) condition. In the process of solving, the transient term was
calculated using the second-order implicit method. The variable equations of the
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continuous phase, energy, and reaction process in the convection term were solved
by the second-order upwind, and the momentum equation was solved by the central
difference method. The variable gradient in the diffusion term was calculated by the
least squares cell-based gradient method. Pressure correction was processed using
the PRESTO! method, and the PISO algorithm was applied for computing the pres-
sure—velocity coupling process. The coupling calculation was realized by alternately
solving the governing equations of the continuous and discrete phases.

9.1.4 Model Validation

The validity of the numerical model was verified by comparing the results of this study
with those of our previous experiments. During the experiment, the mist diameter (d
= 10.03 um) was measured using a phase Doppler particle analyzer, which ensured
the accuracy mist diameter during the mist parameter setting [2]. The generating
rate of the mist was measured using a precision balance. Under the action of gravity
and drag force, the mist was uniformly distributed inside the vessel after escaping
from the atomization apparatus. The mist concentration was determined according
to the atomization rate and time, which ensured the consistency of the experiment
and simulation working conditions. The pressure change with time and the flame
dynamic evolution process were recorded to verify the accuracy of the numerical
model.

Figure 9.2 shows the comparison of the overpressure curve and the flame propa-
gation between the experiment and numerical results (Quiise = 352 g/m?, d = 10 um,
and v = 0 m/s). As shown in Fig. 9.2, the increase in pressure from the numerical
simulation is consistent with that from our experiment. The maximum explosion
overpressures (Ppax) were 516.769 kPa and 515.781 kPa, respectively, and the devi-
ation was 0.19% by calculation. In addition, the maximum deviation of Py, is less
than 5% by comparing the experimental results under 56, 112, 168, 224, and 280 g/
m? mist concentrations [3]. Additionally, the flame propagation velocity and flame
structure can reflect the development processes of the “spherical”, “finger”, and
“tulip” flames, and have a good consistency in time and space. This indicates that
the numerical model and calculation method are accurate.

9.2 Effect of Ultrafine Water Mist on Gas Explosion

The flame front was tracked by solving the reaction progress variable (c). The explo-
sion parameters exhibited a sharp variation in the reaction zone (¢ = 0-1). Figure 9.3
shows the variation curves of the explosion parameters along the axial of the vessel
(Omist = 224 g/m3; d = 10 pm; v = 0 m/s; and ¢ = 90 ms). It can be seen that the
temperature increased sharply in the reaction zone (from 300 to 1372 K), and the
pressure presented a similar variation. However, the gas density decreased sharply
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Fig. 9.2 Comparison of the flame propagation and overpressure between the experiment and
numerical results

because of the higher temperature. The unburned gas far from the reaction zone was
less affected, so the density and temperature are close to the initial condition. The
heat cannot be dissipated immediately after gas combustion, which results in a higher
temperature and lower density in the burned zone. In addition, the mist was vapor-
ized rapidly in contact with the flame, which results in a dramatic reduction of mist
concentration in the reaction zone. As ¢ = 0.38 (point 2) and 7 = 871 K (point 1),
the corresponding mist concentration decreases to zero. It indicates that the ultrafine
water mist was completely vaporized in the reaction zone. This further illustrated
that the mist can play an important cooling role on the flame front. Moreover, the
ultrafine water mist in front of the reaction zone accumulates due of the action of the
compression wave, which results in a higher mist concentration near the flame front
than that far from the flame front. The rear of the flame front was the burned zone,
and its temperature was related to the endothermic capacity of the mist, which can
be affected by the mist parameters. In addition, the heat transfer process between gas
and liquid phases during explosion suppression was also obviously affected by the
mist parameters.
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Fig. 9.3 Explosion parameter variation curves along the axial of the vessel (9.5% CHy, t = 90 ms)

9.3 Effect of Mist Parameters on Heat Exchange Rate

9.3.1 Mist Diameter

Figure 9.4 shows the variation curve of the heat exchange rate with increasing mist
diameter (Qmise = 224 g/m?®; v = 0 m/s). Pp, Was an important parameter for
estimating explosion intensity. The complete vaporization of water mist before the
Pax appearance was more conducive to explosion suppression. The abscissa value
corresponding to the vertical line was the Pp,,x appearance moment. As shown in
Fig. 9.4, the moment first increased and then decreased with the increase in mist
diameter. The corresponding heat exchange quantity (Qye,) also presented a similar
trend. As d = 50 um, there was still heat exchange occurrence after Py,,x appears. This
indicated that the ultrafine water mist was incomplete vaporization at this moment.
The larger mist diameter cannot fully play an endothermic role, and the mist amount
of incomplete vaporization at Py,,x appearance moment increased continuously with
increasing mist diameter, which was not conducive to explosion suppression.
Furthermore, the methane combustion rate was the direct influence factor of
temperature rise. The mist diameter indirectly affected the temperature rise rate by
influencing the methane combustion rate, as shown in Fig. 9.5. Methane combustion
mainly occurred in the reaction zone. As d = 5 um, the mist cannot fully reach the
reaction zone to achieve effective endothermic action, which makes that the temper-
ature rise rate was not the smallest under this mist diameter condition. Asd = 10 um,
the temperature rise rate was the smallest compared with other mist diameter condi-
tions, which indicates that the mist with a diameter of 10 pm has a good contact with
the reaction zone and exhibits the strongest endothermic action. With increasing
mist diameter (10-200 pm), the temperature rise rate and the maximum explosion
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Fig. 9.4 Effect of mist diameter on heat exchange rate inside the vessel
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temperature (7, ) were increased successively. This indicated that the endothermic
capacity of the mist on the explosion flame was decreased.

9.3.2 Mist Velocity

Figure 9.6 shows the variation curve of the heat exchange rate between the gas and
liquid phases with the increase in mist velocity (Qumisi = 224 g/m®; d = 50 pm). As
shown in Fig. 9.6, the heat exchange rate obviously increased. This was because an
increase in the relative velocity of the two phases can enhance the heat exchange rate
between the ultrafine water mist and surrounding gas, which promotes the evaporation
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of the mist [4]. However, an increase in mist velocity can also accelerate the premix
gas combustion and heat release in the reaction zone, except for the enhancement
of the heat exchange rate between the gas and liquid phases. This was because the
moving ultrafine water mist promotes the mix of the burned and unburned gases and
the transport of substances mass [5]. An increase in the heat release rate caused a
higher temperature inside the vessel, as shown in Fig. 9.7. It also indicated that the
suppression effect of the ultrafine water mist on the gas explosion was reduced with
an increase in the mist velocity.
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9.3.3 Mist Concentration

Figure 9.8 shows the variation curve of the heat exchange rate between the gas and
liquid phases with increasing mist concentration (d = 10 um; v = 0 m/s).

As shown in Fig. 9.8, the heat exchange rate was the smallest under the 112 g/m?
mist concentration condition. With increasing mist concentration (112-562 g/m?), the
heat exchange rate can be increased significantly. However, the curve slope decreased
successively. Especially for 674 g/m? mist concentration, the extent of reduction
was the most significant because of the reduction of explosion flame temperature
resulting from the enhancement of the heat absorption capacity of the mist. The
combined effects of mist concentration and explosion flame temperature affected the
heat exchange rate and exchange time between the two phases. The integral of the
heat exchange rate with time showed that the heat exchange quantity can be increased
significantly (from 0.8619 to 5.1436 J). This indicated that the endothermic capacity
was enhanced, and the explosion reaction rate was reduced with increasing mist
concentration.

Figure 9.9 shows the effect of mist concentration on the temperature inside the
vessel under the corresponding mist condition. It can be seen that the tempera-
ture decreased in turn with increasing mist concentration. This was because of the
enhancement of the heat absorption capacity by the mist. Furthermore, the temper-
ature in the reaction zone was reduced after coming in contact with the mist, which
results in a decrease in the heat release rate. Thus, the temperature inside the vessel
showed a decreasing trend because of the obvious reduction in the heat accumulation
rate.
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Fig. 9.8 Effect of mist concentration on heat exchange rate inside the vessel
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9.4 Effect of Mist Parameters on Vapor Pressure

Heat released by methane explosion results in a sharp increase in the temperature
inside the vessel. At high temperatures, apart from the pressure generated from gas
components (combustion products and unburned gases), the vapor generated from
the mist vaporization can also produce a larger vapor pressure, which further affects
the overpressure inside the vessel. Figure 9.10 shows the corresponding relationship
between the overpressure, ultrafine water mist vaporization rate, vapor pressure, and
the ratio of vapor pressure to overpressure with time in the closed vessel (Qwmist =
224 g/m3; d = 10 um; and v = 0 m/s). The vapor pressure was calculated according
to the amount of mist vaporization and the corresponding temperature. As shown
in Fig. 9.10, the vapor pressure increases with the explosion time. The vaporization
rate curve undergoes two accelerating rise processes [6], and the corresponding vapor
pressure curve also presents a similar rise trend. This indicates that vapor pressure
was directly affected by the water vaporization rate, and their rise processes were
consistent. By calculation, the vapor pressure accounts for 27% of the overpressure.
This illustrates that vapor pressure was an important component of overpressure in
a closed vessel. This was the result of the combined effects of the mist vaporization
rate and temperature. The mist parameters can indirectly affect the vapor pressure
by influencing the mist vaporization rate and temperature.

9.4.1 Mist Diameter

Figure 9.11 shows the variation curve of the ultrafine water mist vaporization rate
with increasing mist diameter. The abscissa value corresponding to the vertical line in
the figure was the Py,,x appearance moment under different mist diameter conditions.
It can be seen that the mist vaporization rate first increases and then decreases. The
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Fig. 9.10 Relationship between the mist vaporization rate, the vapor pressure, and the ratio of
vapor pressure to overpressure inside the vessel

Pax appearance moment also presents a similar variation trend. As d = 50 pm,
vaporization still occurs after Py, . [t also indicates that the ultrafine water mist inside
the vessel was incomplete vaporization at this moment as the mist diameter exceeds
a certain value, and the incomplete vaporized mist amount increases continuously
with increasing mist diameter.

Figure 9.12 shows the effect of mist diameter on vapor pressure under the corre-
sponding mist conditions. As shown in Fig. 9.12, the vapor pressure was the least
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Fig. 9.11 Effect of mist diameter on the mist vaporization rate
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when the mist diameter was 10 um. With increasing mist diameter (d = 10-100 pm),
the vapor pressure presents increasing trend. Especially for a mist diameter of 100 um,
the maximum vapor pressure appeared and then decreased with increasing mist diam-
eter. The mist diameter indirectly affected the vapor pressure by affecting the mist
vaporization rate and temperature. As d = 5 pm, the higher temperature inside the
vessel resulted in a larger vapor pressure (in Fig. 9.5). As d = 10 pm, the ultrafine
water mist had better contact with the flame front and realizes a good heat exchange,
resulting in obvious reductions in the explosion reaction rate and temperature. Thus,
the vapor pressure and its rise rate decreased due to the combined effect of the above
two factors. With an increase in the mist diameter (10 pm < d < 100 pm), the temper-
ature inside the vessel was increased continuously, which resulted in an increase
in the vapor pressure and its rise rate. As d > 100 pm, the mist vaporization rate
and its vaporization amount decreased significantly. Although the temperature was
increased, the vapor pressure presents a decreasing trend under the combined effect
of the above two factors.

9.4.2 Mist Velocity

Figure 9.13 shows the variation curve of the ultrafine water mist vaporization rate
with increasing mist velocity (Qwmise = 224 g/m3; d =50 pum). As shown in Fig. 9.13,
the mist vaporization rate obviously increases. This was because that an increase in
mist velocity can enhance the heat exchange rate between the gas and liquid phases.
In addition, the turbulent intensity of the flame front can be also enhanced, which
results in an increase in the explosion reaction rate significantly. Thus, the mist
vaporization rate increases due to the above two influencing factors. Figure 9.14
shows the effect of mist velocity on vapor pressure under the corresponding mist
condition. As shown in Fig. 9.14, the vapor pressure increases successively with



164 9 Suppression Mechanism of Ultrafine Water Mist on Confined Gas ...

Fig. 9.13 Effect of mist T 0.035
velocity on the mist g’ L f
izati 0.030 | ! --=--6m/s
vaporization rate = ) e 8
1724 m/s
8 ool H ---- 10m/s
o - 14m/s
=
= 0020
2
s 0015
=
£
= 0.010
N
‘g 0.005
< \
> LR
s 0.000 1 1 1 1 L
= 0 50 100 150 200 250 300 350
= Time /ms
Fig. 9.14 Effect of mist < 180
velocity on vapor pressure @
g 150
]
[0}
g 120
o
.S
s 90
o
g 60 L —=—2m/s
s —a—6m/s
3 —v— 8m/s
g 30r —o— 10m/s
8 —— 14m/s
< 0 1 1 1 I 1
B 0 50 100 150 200 250 300 350

Time /ms

increasing mist velocity. This was because of the simultaneous increase in the mist
vaporization rate and temperature inside the vessel. Thus, the relative velocity of the
gas and liquid phases should be decreased as much as possible to achieve effective
explosion suppression.

9.4.3 Mist Concentration

Figure 9.15 shows the variation curve of the ultrafine water mist vaporization rate
with the increasing mist concentration (v = 0 m/s; d = 10 pum). As Omist = 112 g/m3,
the mist vaporization rate inside the vessel and the time required for mist complete
vaporization are the smallest, as shown in Fig. 9.15. The mist vaporization rate
increased with the increasing mist concentration (224-562 g/m?). However, the curve
slope decreases, and the time required for mist complete vaporization is significantly
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Fig. 9.15 Effect of mist concentration on the mist vaporization rate

prolonged. In particular, for 674 g/m® mist concentration, the reduction extent of the
mist vaporization rate is the most significant, and the time required for mist complete
vaporization is prolonged from 282 to 860 ms. This indicated that increasing the
mist concentration can enhance the endothermic capacity and decrease the methane
explosion reaction rate and temperature inside the vessel.

Figure 9.16 shows the effect of mist concentration on vapor pressure under the
corresponding mist conditions. The vapor pressure inside the vessel increased as
the increase in mist concentration; however, the rise rate decreases because of the
enhancement of heat absorption capacity, as shown in Fig. 9.16. As Qpise = 112 g/
m?, the temperature inside the vessel is higher (in Fig. 9.9); however, the amount
of mist vaporization is lower, which results in a lower vapor pressure due to the
combined effect of the above two factors. As Quise = 674 g/m3, the temperature
inside the vessel is lower; however, the vapor pressure is larger due to the greater
amount of mist vaporization. The vapor pressure rising rate is smaller due to the lower
mist vaporization rate. Thus, it was concluded that the mist concentration should be
increased as much as possible to effectively suppress gas explosions.
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