POLISH MARITIME RESEARCH Special Issue 2016 S1 (91) 2016 Vol. 23; pp. 131-137
10.1515/pomr-2016-0057

NUMERICAL SIMULATION AND EXPERIMENTAL STUDY ON
FORMATION OF HIGH CONCENTRATION OF H, GENERATED BY
GAS EXPLOSION

Baiwei Lei '

Bing Wu''

Yatong Zhao!

Muhammad Aqeel Ashraf?

! Faculty of Resources and Safety Engineering, China University of Mining & Technology (Beijing),

Beijing 10083,PR China

? Faculty of Science and Natural Resources, University Malaysia Sabah 88400 Kota Kinabalu Sabah,

Malaysia

ABSTRACT

In coal mine fire rescues, if the abnormal increase of gas concentration occurs, it is the primary thing to analyze the
reasons and identify sources of the abnormal forming, which is also the basis of judge the combustion state of fire area
and formulate proper fire reliefs. Nowadays, related researches have recognized the methane explosion as the source
of high concentration of H, formation, but there are few studies about the conditions and reaction mechanism of gas
explosion generating high concentration of H, Therefore, this paper uses the chemical kinetic calculation software,
ChemKin, and the 20L spherical explosion experimental device to simulate the generating process and formation
conditions of H, in gas explosion. The experimental results show that: the decomposition of water vapor is the main
base element reaction (R84) which leads to the generation of H,.The free radical H is the key factor to influence the
formation of H, generated from gas explosion. With the gradual increase of gas explosion concentration, the explosive
reaction becomes more incomplete, and then the generating quantity of H, increases gradually. Experimental results
of 20L spherical explosion are consistent with the change trend about simulation results, which verifies the accuracy
of simulation analysis. The results of explosion experiments show that when gas concentration is higher than 9%, the

incomplete reaction of methane explosion increases which leads to the gradual increase of H, formation
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INTRODUCTION

Sincetheignition sourcesare very difficultto approachin fire
zone, it is the most important method to judge the combustion
status of coal mine fire by gas analysis method. Once the
exceptions of gas composition or gas concentration occurs,
the basic action for developing rational fire disaster relief
plan and preventing secondary disasters is to analyze causes
for the exceptions with gas analysis method(Xinquan,2013).
Nowadays, studies about the change law and abnormal
variations of indicator gas (CO, CO,, CH,, CH,, CH, etc.)
in coal mine fire have gained abundant achievements(Singh
et al.,2007;Kim et al.,2004;Deng et al.,2015;Lingqi et al.,2008),
but there are relatively less studies of the change patterns of
H,, especially lacks in researches on formation mechanism of

high concentration of H, in in fire area.

H, is a kind of flammable gas with its explosion
limits from 4% to 74.2%. There are many sources of H,
in coal mine, during normal operation, the pyrolysis of
coal(Handong,2001; Arenillas et al,1999), the leakage
of battery, bacterial decomposition of wood(Xinquan et
al.,2013) in coal mines, etc, will all produce H,. But when
the mine fire happens, the H, in the fire area mainly comes
from the oxidized spontaneous combustion with coal, so it
is practical to analyze combustion state(Peng et al.,2010;
Nehemia et al,1999; Grossman et al,1996) and verify
whether the re-ignition exists according to the change of H,
concentration in fire area(Fubao et al.,2010;Shao et al.,2014;
Yang et al.,2015). In common mine fire, the concentrations of
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H, are usually no higher than 2% due to the coal pyrolysis and
incomplete combustion(AMSA,2008). However, sometimes
the concentration of H, could be monitored to be higher than
2%, reaching to 7% or even higher. Due to the lower explosion
limit, high concentration of H, have high risks of explosion.
Therefore, it is crucial to analyze the formation mechanism
of high concentration of H, for perfecting gas analysis theory
and implementing fire relief measures.

Through literature reviews (AMSA,2008;Yingmei et
al., 2009;Lianhua Dong,1999), it could be found that gas
explosion is an important source of high concentration
of H,. Researchers had detected high concentrations of
H, (about 4%) after gas explosion in Dashan coal mine of
Fushun early in 1917. High concentration of H, (higher than
3%) was also detected by the American Mining Bureau and
French Institute of Metrology in the process of gas explosion
experiment. AMSA(2008) proposed that high concentration
of H, was generated when gas explosion reactions were not
complete. However, the formation conditions and mechanism
of high concentration H, after gas explosion are still absent of
sufficient studies.

Chemical reaction kinetics simulation is an effective
method to analyze gas explosion process, it can analyze the
influences that the intermediate component or activation
center have on gas explosion processes, and the kinetics
factors of explosive gas products generation could also be
analyzed. Xiangcun(2016) had studied the influences of
different concentrations of gas on the gas explosive products
and TKERS(The key elementary reaction steps). The chemical
kinetic characteristics of gas explosion were simulated and
analyzed by Na(2014). Baoshan(2013) had compared the
inhibition effect of N, and CO, on gas explosion in the view
of TKERS, while Yuntao(2009) had analyzed the explosion
suppression characteristics with chemical kinetics model.
The above studies are related to the change analysis of gas
products after explosion, but the gas products are limited to
carbon oxides and nitrogen oxides.

This paper takes research on the formation mechanism of
high concentration of H, in gas explosion by numerical simu-
lation and experiment. Firstly, it analyzed the change trend of
mole fraction , TKERS and free radical of some catastrophic
gases (CO, CO,and H,) during the gas explosion process by
using constant volume reactor model which be in Chemkin.
Then, the 20L spherical explosion experimental device is ap-
plied to verify the H, quantity generated by gas explosion.

GAS EXPLOSION REACTION DYNAMICS
ANALYSIS

REACTION MECHANISM

Gas explosion reaction process is not a single step chemical
reaction, but a kind of complex “hot chain” reaction, and it
is directly influenced by the generation and disappearance of
free radicals. In order to analyze the kenetics characteristics
of gas explosion, the article used the detailed chemical
kinetics mechanism of methane combustion from Livermore
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Lawrence National Laboratory of the United States, which
includes 53 components, 325 reactions (Gregory et al.,2016).
The calculation has been verified by a large number of
researchers at home and abroad. Table one shows parts of
the reaction steps of chain reaction of gas explosion. Table
one shows parts of the reaction steps of chain reaction of gas
explosion.

Table 1 partial reaction basis in the chain reaction of gas explosion

No. elementary reaction
R3 O+H, < H+OH
R53 H+CH, < CH +H,
R58 H+CH,0 < HCO+H,
R75 H+C,H, & C,H +H,
R84 OH+H, < H+H,0
RI126 CH+H, < H+CH,
R284 0+CH, < H+H,+CO

INITIAL CALCULATION CONDITION

In order to analyze the reaction kinetics of H, in gas
explosionin confined space, it used the constant volumereactor
model in Chemkin software to solve the energy equation of
gas explosion process. The solving procedure assumes that the
enclosed space is an ideal adiabatic environment, the reaction
rate keeps the same for every position in the computation space
with no gradient difference of temperature and concentration.
In the calculation condition, the volume fraction of O2 and
N2 is 79/21. In this paper, 6 kinds of gases with different gas
concentration are calculated in the gas explosion experiment
processes. Its initial conditions are set as shown in table 2.

Table 2 Initial parameters of gas explosion

Initial Initial

CH o N Computing
No. temperature

4 2 2 i
pressure (%) (%) (%) time

(X) (Mpa) (s)
1 1300 0.1 6 19.74 74.26 0.02
2 1300 0.1 7 19.53 7347 0.02
3 1300 0.1 9 19.11 71.89 0.02
4 1300 0.1 11 18.69 70.31 0.02
5 1300 0.1 13 1827 6873 0.02
6 1300 0.1 15 17.85 67.15 0.02

RATE OF PRODUCTION ANALYSIS

When analyzing the gas explosion process, distinguish the
most influential elementary reactions for H, generation is



very important to understand of the formation process of H,.
In this paper, the ROP analysis in Chembkin software is used to
analyze the elementary reaction affecting the H, generation.

Rate of production analysis (ROP for short) could be
used to quickly extract and analyze which element reactions
are most important to the generation or consumption of
a component, it could also be used to analyze the direction
of the chemical reaction at the same time. The calculation
formulas of ROP are as follows:
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Where Py is the molar production of a species per unit
volume, v, is the stoichiometric for the gas reactions, g, is the
rate of progress of the / gas-phase reactions. The calculation
results of C_Kl are indicators to judge the importance degree

of different element reactions.

CALCULATION RESULTS AND ANALYSIS

The influences
compositions

of gas concentration on gas

Figure 1 is the change regulation of main gas products
CO, CO, and H, with different gas concentrations in dry and
moist air environment. According to Figure 2, the explosion
reaction processes within 5 to 10 milliseconds, the products
concentration increased rapidly in the moment of explosion,
and then stabilized quickly as well. With the increase of gas
concentration, the time of the explosion gradually delayed.
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Fig. 1 The change trend of CO,, CO and H, mole fraction in gas explosion
process

From Figure 1 (a), with the increase of gas concentration,
the mole fraction of CO, increased firstly and then decreased
gradually. From Figure 1 (b) (c) it shows that CO and H, firstly
increased rapidly and then rapidly decayed in the explosion
with low concentration of methane during explosion reaction
process. With the increase of explosion concentration,
the increment of CO and H, becomes more significant,
and the decline range gradually decreases. Eventually the
final production of CO and H, would increase gradually. It
indicates that the CO and H, formation is inevitably produced
in the process of gas explosion, but parts of the CO and H,
will quickly participate in the explosion reaction and then be
consumed

CO/(CO+CO,) is known as the combustion balance ratio.
The ratio change indicates the severity of reaction. It shows
that the greater the value is the more incomplete the reaction
is, and vice versa. In order to analyze the relationship between
H, generation and the degree of explosive reaction, the change
of H, mole fraction under different test conditions is shown in
Figure 3, and the ratio of CO/(CO+CO,) is plotted in Figure
4.
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The contrast analysis between Figure 3 and Figure 4 shows
that with the increase of concentration of gas explosion, the
amount of H, is gradually increased, and CO/(CO+CO,) also
gradually increases. Therefore, it is implied that H, is mainly
produced by incomplete gas explosion. And the greater the
incomplete reaction degree of gas explosion is, the greater
amount of H, is generated. In order to demonstrate this point,
this paper makes further analyses of changes of TKERS and
free radicals which affect the H, formation.

Analysis of TKERS and free radicals affecting H,
generation

After the gas explosion, the gas composition balance is
quickly completed, therefore, in order to effectively extract
TKERS which affect the H, generation, ROP analysis was
carried out to analyze the moment of explosive reaction. Use
the ROP analysis tool in Chemkin software to search out 5
basic elements that have most important effects on the rate of
H, generation, which are shown in Figure 5.

H, ROP(mole-cm s’

If the value of ROP is positive, it means the undergoing
reaction is to promote the generation of H,. If the value of
ROP is negative, the reaction is to suppress H, generation.
The greater the absolute value of ROP is, indicates the larger
promotion (or suppression) effects on H, generation. Through
observation of Figure 5, with different gas concentrations,
the TKERS are not the same all the time. However, in all
test conditions, the reaction step of greatest impacts to H,
formation responses are R84(OH+ H, < H+ H,0). In the
early stage of explosion, R84 reaction mainly consumes free
radicals OH and H, to generate water, thereby inhibiting the
generation of H,. And in the later stage of the explosion, R84 is
mainly to promote formation of H,, that is, the decomposition
of H,O under the influence of free radical H to generate H..
With the increase of the gas concentration, the promotion
effects of R53 and R58 on H, formation becomes more and
more obvious , while the effects of R3 consuming H2 is
getting smaller and smaller, resulting in the increments of H,
generation quantity after gas explosion. The analysis result
also reveals that the existence of water vapor in the explosion
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environment would accelerate H, generation.

Through the analysis of R3, R53, R58, R84, R126, it could
be known that the higher proportion of free radical H there is,
the smaller proportion of free radical O and OH is, therefore,
the more amount of H, generation is from the explosion
reaction. The changes of free radical H, O and OH in different
gas concentrations during methane explosion process are
drawn in Figure 6.

According to Figure 6, with theincrease of the concentration
of gas explosion, the mole fraction of free radical O and OH
increased firstly in the enclosed space, it reaches the maximum
at the 9% gas concentration, and then gradually decreased.
The mole fraction of free radical H gradually increased, and
then decreased slightly at the 15% gas concentration , and
the free radical H is gradually increasing in the overall ratio
of free radical H, OH and O. It shows that the proportion of
free radical H is proportional to the amount of H, generated
during the gas explosion.

EXPERIMENTAL STUDY ON GAS
EXPLOSION

The numerical simulation of gas explosion shows that
the higher the concentration of gas explosion is, the more
incomplete the reaction is. And the amount of H, generated
is greater. In order to analyze the reliability of simulation, this
paper makes a comparative study on the numerical simulation
results by measuring the variation of the gas concentration
about H, CO and CO, in different gas concentrations.

EXPERIMENTAL DEVICE

The experimental devices are shown in Figure 7, which
is mainly composed of explosion cavity, gas distribution
device, ignition device, explosion control device and data
acquisition device. The main body cavity is a 20L steel ball,
which is composed of 3 parts, the cylinder, the top cover and
the bottom cover. An observation hole is arranged on the

Steady flow valve

Pressure
reducing valve

Gas flowmeter

Steady flow valve

Gas mixer

cylinder body, and the internal gas explosion phenomenon
can be observed through the observation hole. The air
distribution device is mainly composed of a gas cylinder, a
pressure reducing valve, a pressure stabilizing valve, a flow
meter and a connecting gas path. The gas distribution are
controlled the flow rate of different gases. The experiment
used electric spark ignition, the ignition device can produce
two kinds of strength of electric spark with energy 12] and 2]
respectively. And a strong electric spark was used to carry out
ignition during the experiment. Explosion control device is
mainly to control the ignition energy and time, the sampling
system, the system security .

EXPERIMENTAL PROCESS

Methane and air flows from the cylinder through
pressure reducing valve, pressure srabilizing valve, flow valve
successively into the mixing chamber in fixed air ratio. The
mixed gas fills with explosive cavity, which is detonated by
electric spark. The pressure generated by explosion acts on
the pressure sensor inside the explosion tube and is converts
to electronical pressure signal. When the pressure exceeds
the original pressure by 7%, it indicates that the explosion
experiment was successful. Then make analysis of gas collected
through the air exhaust vent with gas chromatograph.

In order to analyze the variation of H,, CO, and CO after
gas explosion at different gas volume fractions, 6 groups
of gas explosion experiments were carried on with gas
concentrations of 6%, 7%, 9%, 11%, 13%, 15% respectively.

EXPERIMENTAL RESULTS AND ANALYSIS

According to the results of different volume fraction in
the gas explosion experiment, the change regulations of H,,
CO and CO, with the variations of gas volume fraction are
shown in Figure 7, and the ratio of CO/ (CO+CO,) is plotted
in Figure 8.

By observing Figure 7 and Figure 8, it could be seen that
when the concentration of CH, is lower than 9%, only
small amounts of CO and H, production is produced.
The main gas products are CO,, so the calculation
results of CO/(CO+CO,) is nearly 0, which means the
gas explosion is completely reaction. When the gas
concentration is higher than 9%, the volume fraction
of CO, decreases gradually, while the amount of H, and
CO increased rapidly, and CO/(CO+CO,) increased
gradually, which shows that the degree of incomplete

Gas cylinder

Ignition energy generator

Computer

reaction of gas explosion is increasing gradually. The
results are consistent with the trends of numerical

Pressure
sensor

Gas cylinder

[ ]

Pressure
amplifier

Air inlet

Air outlet

Fig. 7 The device of explosion experiment

I

simulation data, which shows that the formation of H,
during gas explosion is mainly due to the incomplete
reaction of gas explosion.

Through the comparison of experimental data
of methane explosion generating H, and numerical
simulation calculation data, it could be found that
the results of simulation value is relatively higher.
The deviation is mainly because the difference between
experimental conditions and simulation conditions. In the
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numerical simulation it assumed confined space as an ideal
diabetic environment, and the reaction rates are the same in
every location in the calculation area with no temperature
gradients and concentration gradients. Therefore, the
calculation of explosion process is complete reaction,
resulting in the simulation data is higher compared with
practical experimental
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CONCLUSIONS

In this paper, the H, change rules and mechanism of
gas explosion are firstly simulated with Chembkin, then the
calculation results are verified by gas explosion experiment.
The following conclusions are obtained:

(1) R84 is the greatest impact on H, generation in the process
of gas explosion reaction, that is, the decomposition
of water vapor is the main reason for the formation of
H,. The free radical H is the key factor to accelarate
the H, formation and free radicals OH and O are the
inhibiting factors for H, formation. With the increase of
concentration of gas explosion, the explosion reaction is
more incomplete, and the proportion of free radical H
increases gradually. At the same time, free radical O and
OH gradually decreases, resulting in a gradual decrease in
the amount of H, consumption and gradual increase in the
amount of H, formation.

(2) The experimental results of gas explosion are consistent
with the changing trends of H,, CO and CO, in simulation
calculation. The experimental results show that the reaction
of gas explosion is more sufficient when the concentration
of gas explosion is lower than 9%, and the amount of H,
generation is relatively small. When the gas concentration
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10.

is higher than 9%, the degree of incomplete reaction of
gas explosion process will increase gradually, leading
to the gradual increase in the amount of H, generation.
Therefore, high concentration of H, is mainly caused by the
incomplete reaction of high concentration of gas explosion.

REFERENCES

Arenillas, A., Rubiera, F., Pis, J.J. (1999). Simultaneous
thermogravimetric-mass spectrometric study on the
pyrolysis behavior of different rank coals. Journal of
Analytical and Applied Pyrolysi,50(1), 31-46.

. Alberta Mine Safety Association. (2008). British Columbia

Mine Rescue Manual. British Columbia: British Columbia
Mining and minerals Division.

Yang, X.M.; Zhao, N.; Bian, Z.C.; Chali, ].Q.; Mi, C. (2015).
An Intelligent Storage Determining Method for Inbound
Containers in Container Terminals. Journal of Coastal
Research, 73, 197-204.

. Baoshan Jia, Haiyan Wen, Yuntao Liang, et al. (2013).

Mechanism characteristics of CO, and N, inhibiting
methane explosions in coal mine roadways. Journal of
China Coal Society, 38(03), 361-366.

. Deng, J., Xiao, Y., Li, Q., Lu, J., & Wen, H. (2015).

Experimental studies of spontaneous combustion and
anaerobic cooling of coal. Fuel, 157, 261-269.

. Fubao Z, Jinhai L I, Yusheng L I U, et al. (2010). Rules of

variation in hydrogen during reignition of underground
fire zones of spontaneous coal combustion. Mining Science
and Technology (China),20(4), 499-503.

Gregory P. Smith, David M. Golden, Michael Frenklach,
Nigel W. Moriarty, Boris Eiteneer, Mikhail Goldenberg,
C. Thomas Bowman, Ronald K. Hanson, Soonho Song,
William C. Gardiner, Jr., Vitali V. Lissianski, and Zhiwei

Qin http://www.me.berkeley.edu/gri mech/, accessed April
20,2016.

. Grossman, S. L., Davidi, S., Wegener, L., et al. (1996).

Explosion risks of bituminous coals in contact with air:
Due to molecular hydrogen accumulation in confined
spaces (underground mines and ships holds): A hypothesis
study. Erdol, Erdgas, Kohle, 112(7-8), 322-324.

Handong Liang. (2001). Correlation of outburst events of
coal and gas with natural hydrogen gas from coal. Journal
of China Coal Society, 26(6), 637-642.

Jia Yingmei, Liu Zhentang, Wang Congyin, et al. (2009).
Experimental Study on Gas Composition After Gas
Explosion. Coal Technology, 28(12), 78-81.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kim, A. G. (2004). Locating fires in abandoned underground
coal mines. International Journal of Coal Geology, 59(1),
49-62.

Lianhua Dong. (1991).The character of harmful gas and
monitoring technology. Shenyang:Northeast institute of
technology press

Lingqi, Z., Xinquan, Z., & Jianguo, X. (2008). Analysis of
indicator gas of spontaneous combustion and its optimal
selection. Journal of Mining & Safety Engineering, 25(4),
440-443.

Na Gao, Yansong Zhang, Yiting Hu, et al. (2014). Dynamics
analysis of gas explosion chain reaction in restricted space.
China Safety Science Journal, 24(1), 60. 69-75.

Nehemia, V., Davidi, S., Cohen, H. (1999). Emission
of hydrogen gas from weathered steam coal piles via
formaldehyde as a precursor: I. Oxidative decomposition
of formaldehyde catalyzed by coal-batch reactor studies.
Fuel, 78(7), 775-780.

Peng Wei, He Qilin, Ge Xinyu. (2010). Experimental studies
on the index gases of spontaneous of coal. Journal of Safety
Science and Technology, 6(6), 140-144.

Shao H, Fubao Z, Kaiyan C, et al. (2014). Study on the
Hydrogen Generation Rules of Coal Oxidation at Low
Temperature. Journal of Engineering Science & Technology
Review, 7(3),499-503.

Singh, A. K., Singh, R. V. K, Singh, M. P., Chandra, H.,
& Shukla, N. K. (2007). Mine fire gas indices and their
application to Indian underground coal mine fires.
International Journal of coal geology, 69(3), 192-204.

Xiangchun Li,Baisheng Nie,Chunli Yang,et al. (2016). Effect
of gas concentration on disastrous gases produced by gas

explosion in confined space. China Safety Science Journal,
26(1), 69-75.

Xinquan Zhou. (2013). Proposals on Improvement of
Spontaneous Combustion Prevention and Control in
Mining Goaf and Emergency Handling Capacity. Coal
Science and Technology.41(9), 151-153.

Xinquan Zhou., Bing Wu. (1996). Theory of mine fire rescues
and applications. Beijing: Coal Mining Industry Press.

Yuntao Liang, Wen Zeng. (2009). Kinetic simulation of gas
explosion and inhibition mechanism in enclosed space.
CIESC Journal. 60(7), 1700-1706.

CONTACT WITH THE AUTHOR
Baiwei Lei
leibws@163.com
Faculty of Resources and Safety Engineering
China University of Mining & Technology (Beijing)

Beijing 10083
CHINA

POLISH MARITIME RESEARCH, No S1/2016 137



