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Abstract—The results of numerical modeling of intense shock wave propagation after explosion in a mine
opening with permeable screen are presented. The problem is solved in the equilibrium non-viscous
formulation without regard to chemical reactions and with averaged composition of mine air. It is shown
that for a screen composed of four similar permeable barriers arranged as a labyrinth, the incoming shock
wave has a strongest impact on the first barrier. As a consequence of weakening of the shock wave front on
the first barrier, the rest barriers experience much less loading. In order to decrease peak loads on a load-
bearing frame, it is necessary to reduce areas of flat front surfaces of metal structures.
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INTRODUCTION

Explosion of dust-methane—air mixtures is one of the risk factors of accident initiation in coal mines;
besides, large-scale accidents are practitally inevitable there [1, 2]. Understanding of the development
dynamics of shock wave processes arising both at the moment of explosion, and in the course of shock-
wave front passage through branched mine channels is crucial for creating effective protection
instruments and procedures. Shaktpozharservis Research and Production developed the system to
control mine air, rock mass and reduce explosion injurious effects [3]. The system includes a screen
designed to weaken shock-wave impact on the objects to be protected, extinguish fire and abate dust
and smoke [4]. The screen represents a complex consisting of four permeable barriers arranged
labyrinthically at a certain distance from each other, water curtain and water curtain control unit.

Unlike the impermeable ones, permeable barriers enable to weaken shock-wave front and reduce the
impact on barrier structures. Shock wave propagation modeling in mine openings is a critical task for
estimating the parameters of impact on permeable barriers. Calculation of shock wave propagation from
explosion in the channels with arbitrary geometry and multiphase gas atmosphere is a complex problem,
in modeling it requires to take all the geometry features and physicochemical processes beyond the
shock-wave front into account.

The problem on shock wave passage through the screen of permeable barriers in this paper was
solved in two-dimensional approximation using equilibrium non-viscous formulation without regard
to chemical reactions and with averaged composition of mine air. That allowed obtaining basic gas-
dynamic parameters of shock-wave process development.
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The computational domain geometry was set up on the basis of drawings of mesh barriers
arranged at a similar distance from each other, in a mine opening with arch lining. The stated
problem is described by a system of unsteady-state equations characterizing equilibrium non-viscous
gas flow without regard to chemical reactions and considering the gas mixture integrally:
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Here, ¢ is the porosity; p is the mixture density; p, is the density of an i-th gas component of the
mixture; p, is the density of an m-th gas-free component of the mixture; / is the mixture velocity;
p is the mixture pressure; S, is the mixture impulse loss in porosity zone; ¢ is the time; E is the
mixture internal energy; 7' is the mixture temperature; R is universal gas constant; M is the mixture
molar weight; C, is the mixture heat capacity at constant volume; C, is the mixture heat capacity at
constant pressure; C, is the heat capacity of the i-th gas component of the mixture at constant
pressure; C, is the heat capacity of mth gas-free component of the mixture at constant pressure; ¢,
is the volume concentration of the i-th gas component of the mixture; k, is mass concentration of the
i-th gas component of the mixture; k, is mass concentration of the m-th gas-free component of the
mixture; C, is the coefficient in medium resistance law.

The computational domain geometry is presented in Fig. 1 (L is the length of the computational
domain; A is the water curtain zone; B is the width of computational domain; b is the barrier length;
h is the barrier width; / is the distance between barriers I and IV). The equations of continuity (1),
momentum conservation (2) and energy conservation (3) were restricted by a two-dimensional case.
Ideal gas (4) with constant heat capacity (5) was taken into consideration. Accounting of water and coal

dust presence was made integrally by the ratios (6) and (7). Equations (1)—«7), where S, =0 and
¢ =1.0 were assumed, were applied in the flow range beyond permeable barrier zone. The flow in gas-
permeable area was described by the complete equation system (1)—(10), the value ¢ for barrier was
taken as 0.42, which corresponded to averaged porosity characteristics of barriers of production screens.
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Fig. 1. Computational domain geometry. Basic geometrical ratios: L=65m; 4/L=0.77; [/L=0.4; b/B=0.62;
h/b=0.18. By example of barrier II, marking method is shown for computational points: along symmetry axis
of steam production—1-2, on wall—3—4.

The calculations were also made with ¢ =0, which corresponds to the impermeable barrier. The
atmospheric composition in mine opening was: CHs—10%; O,—19; N,—70; Ar—1%,; solid
particles concentration (coal dust)}—100 mg/m3; average volume water concentration in mine
opening was 0.14 I/m’. The coefficient C, was chosen proceeding from the analysis of [5-8], &,

was calculated from the atmospheric composition, the remaining values from (6), (7) were chosen
from the Ansys-Fluent data base of material properties with regard to [9]. Absolute pressure 0.1 MPa
was set up at the initial moment of time in all computational domain, on the left boundary of
opening, the absolute pressure was 0.7 MPa.

The calculations were performed by ANSYS Fluent software system. In the course of calculations
shock-wave front formed, which moved left-to-right along the opening in the direction of the first
barrier. The calculations ceased as the right opening boundary was reached. Density-based AUSM
Flux Type solver was used by ANSYS Fluent system for solving the equations (1)—(10), the modulus
for calculating the flow in porous medium, explicit scheme of the second-order accuracy, structured
computational mesh consisted of 150 ths cells, the time increment was 0.3 ms.

In calculation of the screen with impermeable barriers, the shock wave moving from the left end of
opening first reflects from the first barrier, at the same time, the pressure on barrier surface increases
considerably (Fig. 2). The shock wave front, which passed between face plane of the first barrier and
right wall of opening, keeps moving on the second barrier. Later on, shock wave reflects from the
surface of the second barrier. The front of shock wave, formed as a result of multiple reflections from
opening walls and backside of the first barrier, passes through the interstice between face plane of the
second barrier and left wall of opening. This results in significant reduction of shock wave impact
intensity to the end of opening due to multiple reflections, high molecular weight of averaged gas
mixture and water curtain effect. The computational feature of permeable barriers, besides shock
wave reflection from the first barrier surface, is the fact that high pressure area overcomes the barrier,
and shock wave front moving to the direction of right opening end is also formed beyond the barrier.
The resulting interference shock-wave pattern complicates significantly, as shock-wave front passes
to the fourth permeable barrier. After shock wave front reflection, the load on the first barrier
decreases considerably due to permeability. The first barrier and, to a lesser degree, the second barrier
can be considered as most loaded ones. The third and fourth barriers are loaded to a significantly
lesser extent due to the weakening of shock-wave front.

Since high value of flat front surface area of load-bearing elements is characteristic of load-bearing
frame of screen barriers, it is required to consider calculations of pressure dynamics near impermeable
(¢ = 0) first barrier as the limiting case of load on load-bearing frame of screen barriers.
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Fig. 2. Pressure—time dependence on frontal surface of Fig. 3. Pressure difference between points 3 and 4
the Ist barrier along the opening axis of symmetry: on first permeable barrier.

I—impermeable barrier; 2—permeable barrier.

According to calculations, peak pulse pressure in this case reached 2.45 MPa (Fig. 2), pulse
pressure duration after first shock wave reflection was 20 ms. Special attention must be given
to impermeable angular configurations, where repeated intensive peak loads of 2.2-2.4 MPa may
arise due to shock wave multiple re-reflection (Fig. 2).

Permeability of barriers significantly reduces the pressure P on front surface of the first barrier up
to 1.75 MPa (Fig. 2). Passage of the permeable barrier by pressure front is a time-taking process;
therefore, the pressure on backside barrier surface rises with delay, thus not compensating completely
initial high pressure difference between front and back sides of the barrier.

The dependence of pressure difference AP between points 3 and 4 on the first permeable barrier is
shown in Fig. 3. The duration of pressure difference existence on barrier in computational points,
beginning from pressure jump on front surface (point 3) to the moment of pressure equalizing on front
and back barrier surface (points 3, 4) is 46.8 ms, peak pressure drop is 1.61 MPa, average pressure
drop at time interval indicated is 0.71 MPa.

Figure 4 presents the data on maximum pressure at the moment of shock wave reflection from
front surface of barriers P, in computational points 1 and 3, depending on their relative location

N

x, =x/1 (x is the coordinate along opening symmetry axis, computational point 1 on front surface

of the first barrier is taken as zero reference point). It is evident that shock-wave load on barriers
reduces due to permeability, as the screen is passed by shock wave front.
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Fig. 4. Dependence of pressure on barrier location at moment of Fig. 5. Repeated pressure peak on second
shock wave reflection from barrier front surface: /—impermeable impermeable barrier.

barrier, point 1; 2—permeable barrier, point 1; 3—impermeable
barrier, point 3; 4—permeable barrier, point 3.
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Fig. 6. Pressure field. Displacing area of anomalous pressure near right opening wall. Time from the beginning
of computations: (a) 47.0 ms; (b) 52.5 ms.

Occurrence of areas with anomalous gas-dynamic parameters is typical of shock-wave processes
with time. Figure 5 shows the appearance of repeated, more intensive pressure peak on symmetry axis
of the second barrier for computation with impermeable walls, where this effect is most evident. High
pressure areas may arise in the opening space for short time periods. After reflection from the first
permeable barrier, shock wave reaches the right wall of opening, the area of anomalously high pressure
up to 2.3 MPa displacing along the right wall of opening in opposite direction arises as a result
of repeated reflection (Fig. 6). Time of the area existence is insignificant and does not exceed 10 ms.

CONCLUSIONS

In the studied screen configurations incident shock wave exerts the strongest power impact on the
first barrier. As the shock-wave front on this barrier is weakened, the remaining barriers are loaded to
a considerably lesser extent. An increase in the first barrier permeability allows more uniform
distribution of pressure from incident shock wave between screen barriers. After reflection from
the barrier, a high pressure area is formed on its surface, beyond the front of reflected shock wave.
The pressure in that area exceeds the pressure beyond the front of incident shock wave by several
times. This is one of the key effects in developing and designing perspective permeable barriers. To
decrease peak loads on a load-bearing frame, it is required to reduce areas of flat front surfaces and
avoid three-dimensional semi-closed configurations for the prevention of cumulative pressure growth.
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