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a b s t r a c t

In order to analyze the propagation characteristics of shock wave and gas flow induced by outburst inten-
sity, the governing equations of shock wave and gas flow propagation were put forward, and the numer-
ical simulation boundary condition was obtained based on outburst characteristics. The propagation
characteristics of shock wave and gas flow were simulated by Fluent software, and the simulation results
were verified by experiments. The results show that air shock wave is formed due to air medium com-
pressed by the transient high pressure gas which rapidly expands in the roadway; the shock wave and
gas flow with high velocity are formed behind the shock wave front, which significantly decays due to
limiting effect of the roadway wall. The attenuation degree is greater in the early stage than that in
the late stage, and the velocity of gas convection transport is lower than the speed of the shock wave.
The greater the outburst intensity is, the greater the pressure of the shock wave front is, and the higher
the speed of the shock wave and gas flow is.

� 2015 Published by Elsevier B.V. on behalf of China University of Mining & Technology.

1. Introduction

Outburst shock wave and gas flow is pulverized coal–gas flow
formed instantaneously after coal and gas outburst. It has strong
destructiveness and can lead casualties of operating personnel
and damage to the underground facilities directly. Gas flow can
move at the opposite direction of airflow and fill a tunnel of tens
to thousands meters, even the whole mine; destroy the mine ven-
tilation system completely. Since high concentration gas is difficult
to dilute and explosible and combustible, when gas concentration
reaches a certain range as well as where there is fire in the tunnel,
secondary disasters such as gas explosion, fire, and even coal dust
explosion are possibly occur and will cause heavy casualties and
property losses. Cheng [1–5] etc. investigated the formation
and propagation of outburst shock wave by theoretical analysis and
mathematical derivation. Otuonye and Sheng [6–9] studied the
dynamic process of outburst shock wave and gas flow. The prede-
cessors have done the preliminary exploration about the propaga-
tion characteristics of shock wave induced by outburst and gas
flow reversal. Based on previous studies, Wang and Zhou [10–12]
studied the formation mechanism and propagation characteristics

in different types of tunnel systematically. But this study assumes
that the area of outburst is full of high pressure gas, and when out-
burst occurs, the high pressure gas instantly emitted from the area
of outburst forms shock wave and air flow. In fact, after the out-
burst, the gas is continuously desorbed from coal. The greater coal
quantity outbursts in unit of time (outburst intensity) are, the
greater the quantities of gas desorption are, and the stronger the
impact force of shock wave and air flow is. This paper analyzes
the effect of outburst intensity on the shock wave and air flow
propagation characteristics systematically, and the results of this
paper have important theoretical and practical significance on
disaster rescue and effective prevention of secondary disasters of
outburst mine.

2. Governing equations for outburst shock wave and the flow of
gas flow

The governing equation for the flow outburst shock wave is
put forward here. It is established based on the universal basic
law of conservation such as mass conservation, momentum con-
servation, energy conservation, conservation of natural compo-
nents [13–16]. The governing equation in two dimensions is as
follow [15,16]:
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cific heat at constant volume, J/(m3 K); C the gas concentration, %; Et

the total energy of the mixture, J; as two-dimensions equation, both
i and j can be selected as 1 and 2, where 1 represents the x-direction
and 2 represents the y-direction; u is the average velocity, m/s; Jx is
the diffusion flux of gas, kg/(m2 s), and Jx ¼ C @C

@x; q is the heat flux
due to conduction, w/m2, and q ¼ �K @T

@x; P the pressure of the mix-
ture, Pa; K the thermal conductivity of gas; t the time; T the temper-
ature of a mixture, K; C the diffusion coefficient for gases; q the
density of air flow, kg/m3; dij the Dirac delta function; l the
dynamic viscosity, Pa s; and sij the shear stress tensor, Pa.

3. Boundary conditions of numerical simulation

Boundary conditions used in the numerical computation
include inlet boundary conditions, outlet boundary conditions,
symmetric boundary conditions, and wall boundary conditions.
The boundary conditions used in the process of the numerical sim-
ulation are analyzed as follows:

(1) Inlet boundary conditions

Once the outburst occurs, because the coal body suddenly
releases the pressure, a lot of gas is released from the coal. Gas
emission during outburst can be divided into two stages. First stage
is the development stage. A lot of free gas is released from the coal
body. The absorbed gas also has quick desorption and is emitted
from coal at the same time of coal broken. Second stage is the mit-
igation stage. The broken coal and pulverized coal form. The gas
around the coal hole is desorbed and emitted into the tunnel, how-
ever, the gas emission rate declines. Because gas emission quantity
in the first minute after outburst is difficult to measure, only the
law of gas released from coal particle can be analyzed [17–19].
The experimental results show that [20] the gas emission increases
rapidly in the initial period, then gradually tends to be gentle. The
release amount of gas with time can be expressed by a power func-
tion. The gas release rate in 0–3 min and time t represent power
function relationship, which can be given as follows:

Vt ¼ At�6 ð2Þ

where Vt is the gas release rate, cm3/(g s); t the time, s; A and b are
the regression coefficients, which can be obtained through experi-
ment. The relationship of gas release rate and the release time is
based on the data from Ref. [20].

As shown in Eq. (2), when the intensity of outburst is known,
the gas amount released per unit time can be obtained. As shown
in Fig. 1, Regard section AB as the quality entrance of numerical
computation and the mass flow rate is the gas amount released
per unit time. Besides the difference of initial entrance and

boundary conditions, calculation conditions based on numerical
outburst intensity are consist with the initial boundary conditions
based on the gas pressure.

(2) Wall boundary condition

The wall boundary is the most common used boundary condi-
tion. For calculation of the turbulent, turbulence will evolve into
a laminar flow in the nearby wall region. The viscous force is of pri-
mary importance. Aiming at the simulation of nearby wall region,
the wall function method is used. The viscous flow wall boundary
condition is usually taken as the nonslip condition, which can be
given as:

qui ¼ 0 ð3Þ

The wall boundary conditions for pressure can be expressed as:
@p
@n
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where n is the normal direction to the wall.
The state equation for an ideal gas can be described as:

@Et
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Meanwhile, considering the temperature condition at the wall, an
adiabatic-wall can be assumed as:
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Based on the ideal gas law, the relationship of the flow density and
gas concentration is as follows:
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(3) Symmetric boundary condition

If the physical model is symmetric, symmetric boundary condi-
tion is applied, so that only half of the model need to be solved,
which can shorten the solving time. In symmetric boundary, verti-
cal boundary can be zero and other physical quantities in the inside
and outside of this boundary are equal. Hence, the condition can be
described by the following Eq. (8):
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where h is the direction normal to the symmetric plane.

(4) Outlet boundary condition

Outlet boundary conditions refer to the flow parameter of the
physical model given at export position, including pressure, speed
etc. Outlet boundary conditions generally select the places which
are far enough from the physical model disturbance regions to
apply, so that the flow can be in a fully developed state, and there
was no change in the direction. In the model, the outlet boundary
is located in distant places because the study area should not be
affected by the boundary conditions. Outlet boundary pressure is
equal to atmospheric pressure in tunnel, and other parameters gra-
dients are zero, as can be described as follows:
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where i is the normal direction of outlet boundary plane which is
perpendicular to the flow direction.
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Fig. 1. Physical model of simulation.
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