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In order to study the explosion law of hydrogen and air premixed gas in the pipe-
line, the author proposes an analysis of the propagation characteristics of hydro-
gen in the shock tube in the integrated energy system. Use a square transparent
pipe with a size of 150 mm <150 mm <1000 mm, the shape of the explosion flame,
the propagation velocity and the pressure change with the hydrogen volume frac-
tion from 10-40% were observed through experiments. Flame spread and pressure
were recorded and measured by high speed cameras and pressure sensors, re-
spectively. Experimental results show that the explosion flame characteristics and
pressure changes are greatly affected by the hydrogen volume fraction. With the
increase of hydrogen volume fraction, the maximum velocity and maximum val-
ue of flame in pipe increase significantly. The maximum flame propagation speed
is increased from 18.3-304.2 m/s, and the propagation time is shortened from
123.5-10.5 ms. The pressure peak increased from 2.95-34.06 kPa. The analysis
of the propagating characteristics of the hydrogen flame in the shock tube in the
integrated energy system can well reflect the intensity of the hydrogen explosion.
Do not use abbreviations and acronyms in the abstract.
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Introduction

With the continuous development of technology, the level of energy consumption is
also continuously increasing, and energy development is gradually changing from growth to
quality and development [1, 2]. An energy transition is essential and urgent to prevent an aging
economy. A hybrid energy system refers to an energy system that can accept multiple energy
sources, use smart devices to determine user needs, and store energy sources in a proposed plan
consisting of an energy supply network, energy exchange, and energy storage unit, terminal in-
tegrated power supply unit and end users, in practical use it appears as distributed power supply
system and regional power system [3].

The CO includes substances such as hydrogen, CO, CH,, ethane, propane, ethylene,
etc., while hydrogen has special properties and is currently the cleanest fuel and is increasingly
used [4]. Hydrogen is an important industrial material and the most important fuel and special
fuel, but compared to conventional fuels and flammable gases due to its low electrical energy,
wide explosion, laminar burning speed and high diffusion speed due to its explosive power and
greater damage, the incidence of hydrogen explosions has increased in recent years [5]. At pres-
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Literature review

Kamlesh et al. [7] tested hydrogen and methane in closed tubes and found that hydro-
gen is explosive and can cause serious damage. Singh et al. [8] and Sra et al. [9] first discov-
ered that the reason hydrogen is more harmful than methane and ethane is due to the fact that
hydrogen itself is highly flammable.

There are many studies on gas explosions at home and abroad, but there are some
studies on hydrogen explosions, especially the characteristics of flame content and post-explo-
sion pressure need further investigation. The author conducted experiments in a small horizon-
tal square tube with a length of 1 m and found that the properties of diffusion, diffusion velocity,
and explosion pressure change the characteristics of the explosion flame of a hydrogen-air
mixture with different volumes of hydrogen.

Methods
Integrated energy system

There are two strategies to deal with the energy crisis, namely open source and throt-
tling. Throttling focuses on reducing additional losses on the energy consumption side and
improving energy efficiency, it is very important in both single energy system and integrated
energy system [10-16]. Open source refers to reducing the use of traditional energy sources,
actively develop and utilize clean energy, such as wind energy, tidal energy, and solar energy.
However, the intermittency and randomness of renewable energy lead to its lack of stability in
transmission, distribution and use, resulting in low energy utilization efficiency and difficulty
in ensuring energy reliability. Some experts pointed out: the Energy Internet, consisting of re-
newable energy, power systems and information and communication technologies, will be the
core of the third industrial revolution, the integrated energy system is the foothold of the energy
Internet and smart energy, which involves energy conversion. The integrated energy system is
based on the theory of multi-energy complementation and energy cascade utilization, which
can vigorously develop renewable resources, effectively control energy consumption, further
improve energy utilization efficiency, it is of great significance to cope with severe challenges
such as the surge in energy demand, environmental pollution, and climate change.

Test device

The test device mainly includes transparent square plexiglass pipes (dimensions are
150 mm X 150 mm x 1000 mm, effective volume 22.5 L). The gas distribution system mainly
includes high pressure hydrogen cylinder (the purity of hydrogen is 99.999%), GTL air gener-
ator, Alicat-M mass-flowmeter, etc. The ignition system consists of high frequency pulse ignit-
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er, 6V DC power supply and switch. The high speed camera system consists of Lavision-VC
high speed camera, controller and computer. The data acquisition system includes MD-HF type
pressure sensor, E12S type photoelectric sensor, MCC-1608FS type data acquisition card and
computer.

Numerical model

In the large eddy simulation, the N-S equation is filtered by introducing a filter func-
tion, so that the waves with high wave numbers are truncated, but the energy transfer process
remains, that is, it is allowed to transfer from the large eddy to the small eddy. The control
equation of LES:
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where the parameters of LES filtering are marked as horizontal lines, and the parameters of
quality weight filtering are marked with wavy lines. The p [kgm™] is the density, p [Pa] — the
pressure, u; and u; are the velocity components, ¢ [second] — the time, g; [Nsm?] — the stress
tensor determined by the molecular viscosity, which can be expressed as
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7; [Nm~] - the sub-grid scale stress, define it as

T = Pl — Pl
hy [Jkg™'] — the apparent enthalpy and A [Wm™'K"!] — the thermal conductivity. The subgrid en-

thalpy flux can be approximated by the gradient assumption as:
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among them, usgs [Nsm?] — the subgrid viscosity, Prscs — the subgrid Prandtl number,
¢, [Jkg'K™'] — is the constant pressure specific heat, and 7' [°C] — the temperature.

For premixed combustion, the author adopts the Zimont combustion flame surface
sublattice model based on the C equation, where c is the reaction progress variable, in the simu-
lation process, it is taken as the ¢ = 0.1 flame front, and the filtered expression of the C equation:
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where u; (j = 1, 2, 3) is the velocity in the x-, y-, and z-directions and S. — the process variable
source term
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where 7 is the number of combustion products, species, Y; — the mass fraction of product
component i, Y., — the mass fraction of equilibrium product component i. According to the
definition of eq. (5), ¢ = 0 in the final combustion mixture, ¢ = 1 in the combustion product,
0 < ¢ < lat the flame surface, S, — the source term of the process variable:

§c — A(u,)3/4
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where the model constant 4 = 0.52, u [ms™'] — the sublattice turbulent pulsation velocity,
p. [kgm™] — the density of the final combustion mixture, U, [ms™'] — the laminar combustion
velocity, a — the heat transfer coefficient of reactant molecules, and /; — the characteristic scale
of turbulent flow.

Test method and repeatability
Test method

The test pipe-line is placed horizontally, and the inflation port, igniter, and pressure
sensor are installed at the right end of the pipe-line, the igniter is located in the center of the
right end, and the photoelectric sensor is located above the pipe at the right end, facing the ig-
niter, in order to mark the starting moment of ignition. The basic steps of the test process are:
install film, distribute gas, ignite, collect pressure and photoelectric signals, and collect flame
pictures. The hydrogen volume fractions in the hydrogen-air premix used in this experiment
were 10%, 15%, 20%, 25%, 30%, and 40%, respectively.

The gas distribution method is the air exhaust method, that is, when the right end of
the pipe-line is filled with hydrogen/air premixed gas, the air is exhausted above the left end.
Collection of pressure and photoelectric signals and flame pictures: the collection frequency
of pressure and photoelectric signals is 15 kHz. The shooting of the flame propagation process
was carried out in a dark environment to ensure a clear flame, and the high speed camera was
used for high speed shooting at 2000 fps, in order to capture the explosion flame structure and
the position of the flame front.

Test repeatability

In this paper, the experimental test of the preliminary mixture of 40% of the 20% of
the 20% of the different hydrogen in the different hydrogen volume was tested, and the repeated
test of the gas fraction of the different hydrogen volume scores was conducted more than three
times, to ensure the reliability of the result. The difference between the velocity and pressure of
flame propagation in the deceleration process is analyzed. The results show that the method is
small and repeatable [17].

Results and discussion
Characteristics of hydrogen explosion flame propagation

The flame process captured by high speed camera is accurate, and the color of flame,
source and shape of the front flame can be seen. Because the color of premixed explosive flame
is light when hydrogen volume fraction is 10%, high speed camera cannot detect pure flame
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retardant process. A simple screenshot of the hydrogen-air premixed gas explosion flames with
hydrogen volume fractions of 15%, 20%, 25%, 30%, and 40% was taken in chronological order.

The hydrogen explosion rate in the pipe-line increases with the increase of hydrogen
volume fraction. When the hydrogen volume fraction is 10, the explosion can be heard. When
the volume fraction is 20%, the explosion noise is suppressed and the laboratory has strong
vibration. When the volume fraction of hydrogen was 25%, 30%, and 40%, the hydrogen crack-

ing rate was achieved outdoors, and the noise was higher.

Propagation speed of hydrogen explosion flame

When studying the propagation of flame crack, image processing technology is used
to calculate the propagation of flame crack. The calculation of flame propagation speed is sim-
ple and accurate. First, the position of the foreflame is calculated. The velocity field is the ratio
of the different positions to the different times between the two positions. Using this method,
the flame propagation characteristics of different hydrogen sources at different time points were
calculated, and the flame propagation characteristics were obtained as shown in figs. 2 and 3.
Due to the limitation of the length and emission of the pipe, the calculated flame velocity is
mainly the flame velocity in the pipe, and the flame discharge condition of the nozzle is not
studied. The time corresponding to the last data point of each curve in figs. 2 and 3 is the time
when the flame reaches the nozzle [18].

It can be seen from figs. 2 and 3 that the velocity distribution and structure of the flame
retardant are different in different hydrogen storage conditions. When the volume fraction of
hydrogen is 15% and 20%, the flame propagation speed first increases, but with the appearance
of irregular front and tulip flame, the flame propagation speed increases; When the hydrogen
volume fraction is 25%, 30%, and 40%, the flame retardance of the pipe does not decrease, that

is, it also increases [19].
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Figure 3. The flame propagation speed
when the hydrogen volume fraction is
25%, 30%, and 40%

Figure 2. The flame propagation
velocity when the hydrogen volume
fraction is 15% and 20%

After calculation, it is concluded that when the hydrogen volume fraction is 15%,
20%, 25%, 30%, and 40%, the time it takes for the flame to reach the nozzle is 123.5 ms,
31.0 ms, 15.5 ms, 11.0 ms, and 10.5 ms, respectively, the corresponding average flame propa-
gation velocities are 8.1 m/s, 32.3 m/s, 64.5 m/s, 90.9 m/s, and 95.2 m/s, respectively, the cor-
responding maximum flame propagation speeds are 18.3 m/s, 59.6 m/s, 159.6 m/s, 254.2 m/s,
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304.2 m/s, respectively, the time points at which the maximum flame propagation velocity ap-
peared were 36.0 ms, 17.5 ms, 15.5 ms, 11.0 ms, and 10.5 ms, respectively. It can be seen that
the flame propagation is greatly affected by the volume fraction of hydrogen. As the hydrogen
volume fraction increases, the maximum and average velocity of the flame in the tube doubles.
The maximum speed increased from 18.3 m/s to 304.2 m/s and the average speed increased
from 8.1 m/s to 95.2 m/s.

Variation characteristics of hydrogen explosion pressure

The measurement precision depends on the fire end of the pipe-line, 20 mm away from
the ignition point. The change of crack overpressure in different hydrogen volume fraction is re-
corded by pressure sensor, as shown in figs. 4 and 5. It can be seen from figs. 4 and 5 that when
hydrogen volume fractions are 10% and 15%, the pressure wave [20] has weak oscillation.
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Figure 4. Variation of explosion
pressure with hydrogen volume
fraction of 10%, 15%, and 20%

That with the increase of hydrogen volume fraction, the initial peak value of explosion
pressure increases rapidly, and the time required to reach the maximum value decreases. The
explosion flame propagation at each volume fraction is compared with the corresponding time
of the pressure peak, as shown in tab. 1.

Combining the data in tab. 1, figs. 4 and 5, it can be concluded that the pressure first
reaches the peak value, and then the flame is transmitted to the nozzle, and after a period of
time, the pressure returns to the initial value. As the hydrogen volume fraction increases, the
smaller the time difference between the peak pressure and the time it takes for the flame to reach
the nozzle, the longer it takes for the pressure to return to the initial value.

Table 1. Corresponding time of explosion flame propagation and pressure peak

Hydrogen volume fraction [%] 10 15 20 25 30 40
First pressure peak [kPa] 2.95 3.75 8.68 20.00 | 33.75 | 34.06
The moment of the first pressure peak [ms] | 97.0 26.0 18.0 11.8 9.0 9.5
The moment when the maximum flame _ 36.0 175 155 11.0 105
propagation speed occurs [ms]
The time it takes for the flame B 1235 | 310 155 11.0 105
to reach the nozzle [ms]

Note: — in the table indicates lack of data.
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When the hydrogen volume fraction is high (20%, 25%, 30%, and 40%), after the
pressure wave reaches the peak, there will be several strong oscillations (the first negative
pressure value generated by the two oscillations with the largest amplitude, the secondary peak
value and the second negative pressure value are shown in tab. 2) and multiple small oscilla-
tions. The reason for this phenomenon is: from the start of ignition, the reaction continues to
accumulate pressure, the pipe after the film is ruptured is a semi-closed space, and part of the
combustible gas in the pipe is flushed out, at the same time, the reaction is still going on, and
the gas in the pipe-line participates in the reaction, which causes the pressure in the tube to drop,
resulting in negative pressure.

Table 2. The positive and negative peaks of explosion pressure
oscillation when the hydrogen volume fraction is high

Hydrogen volume fraction [%)] 20 25 30 40
First pressure peak [kPa] 8.68 20.00 333.75 34.06
The first negative pressure 464 948 934 210.52
value [kPa]

Secondary peak [kPa] 2.21 7.72 21.86 41.01
The second negative 104 | 1109 | 2648 | -38.17
pressure value [kPa]

Conclusion

The propagation characteristics of hydrogen in the shock tube of the combined turbine
are analyzed. The flame characteristics, velocity distribution and pressure change characteris-
tics of premixed gas explosion under different hydrogen volume fraction were analyzed exper-
imentally. The results show that the three factors are greatly affected by the volume fraction
of hydrogen in premixed fuel. The maximum velocity of the flame and the peak explosion
pressure increase with the increase of the volume fraction of hydrogen, which results in a great
influence on the hydrogen explosion intensity.
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