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Abstract: The shock wave of a coal and gas outburst is a high-pressure and high-speed impact airflow
formed rapidly after the outburst. The propagation destroys the ventilation facilities and causes
the destruction of the ventilation system. The theoretical research on the outburst shock wave is of
great significance. In order to deeply understand the formation mechanism of the outburst shock
wave, this paper draws on the shock wave theory to theoretically analyze the microscopic formation
process of the outburst shock wave. The main difference between the formation process of a coal
and gas outburst shock wave and the formation process of a general shock wave is that the outburst
shock wave has a solid–gas flow zone in the high-pressure zone. The calculation formulas of pressure,
density, temperature and other parameters before and after the outburst shock wave are derived.
After the outburst shock wave passes through, the pressure, temperature and density of the roadway
air will change suddenly. The relationship expression between outburst gas pressure and outburst
shock wave intensity is derived, which can reflect the role of pulverized coal in the formation process
of a shock wave. In order to facilitate the understanding and calculation, the concept of equivalent
sound velocity of coal-gas flow is proposed, and the direct calculation of the impact strength of a coal
and gas outburst is attempted. This paper is helpful to improve the understanding of the essence of a
coal and gas outburst shock wave. It is also of great significance to outburst disaster relief.

Keywords: coal and gas outburst; outburst the shock wave; gas–solid flow; initial gas pressure

1. Introduction

In the process of coal and gas outbursts, the direct damage to underground personnel
and equipment in coal mines is the impact of airflow and pulverized coal that rushes with
high-speed movement into the working space [1–3]. The damage of the impact airflow can
be divided into high-pressure airflow shock wave overpressure damage and suffocation
damage, among which the shock wave damage is the most direct and fastest [4–6]. The
former Soviet Union scientist Savonko [7] studied the influence of roadway section reduc-
tion and expansion on the pressure of outburst shock waves and obtained the attenuation
coefficient of air shock waves during movement. Zhang [8] pointed out that the outburst
shock wave belongs to the weak shock wave and constructed the relationship between the
propagation attenuation of the outburst shock wave and the initial energy, propagation
distance and friction resistance of the roadway. Sun et al. [9] studied the phenomenon
of gas accumulation in the roadway after the outburst airflow by using the outburst test
device. According to the theory of aerodynamics, Cheng et al. [10,11] established the
mathematical model of motion and dynamics of outburst shock wave propagation, and
established the relationship between shock wave overpressure, impact airflow velocity
and propagation distance, coal seam gas pressure, etc. Based on theoretical analysis and
numerical simulation, Tang [12] studied the influence of gas pressure on outburst energy,
outburst intensity and gas emission. Miao [13] studied the expansion characteristics of the
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outburst impact airflow and established the relationship between the expansion charac-
teristics and the expansion failure strength. Hu [14] conducted a numerical study on the
impact dynamic effect of the impact airflow on the road header and the outburst prevention
door. Zhou et al. [15–17] studied the formation and propagation process of outburst shock
waves and gas flow in different types of roadways. They analyzed the best roadway form
to prevent the spread of outburst shock, studied the influence of gas outburst shock waves
on airflow disturbance in mine roadways, and pointed out that the airflow disturbance
caused by outburst shock waves was mainly controlled by shock wave overpressure and
main fan wind pressure.

Although there have been many studies on the formation and development of outburst
shock waves, most of them rely on physical experiments or numerical simulations. Unfortu-
nately, the theoretical analysis of the underlying mechanism is not as comprehensive. Many
of the expressions used in these studies are based on aerodynamic theory alone and do not
take into account the effects of outburst pulverized coal on a shock wave’s formation. It is
difficult to reveal the theoretical mechanism in the formation and development of outburst
shock waves.

2. The Relationship between Outburst Shock Wave and General Shock Wave
2.1. The Formation of General Shock Waves

In gases, liquids or solids, if the pressure, density and temperature change (nonlinear
change) on a cross section, there is a shock wave inside the material [18–21]. The reason
is generally that there is a wave source in the object whose moving speed exceeds the
wave velocity. Shock waves are very common in nature and human society and may be
called differently in different situations. For example, the shock wave formed during an
explosion can be an explosive wave. The shock wave generated by a flying object when the
propagation speed in the air exceeds the speed of sound is generally called sonic explosion.
The water hammer effect formed by the sudden closure of water flow in a hard water
pipe is also a shock wave. In aerodynamics, a strong shock wave is generally called a
shock wave.

The formation process of the shock wave is shown in Figure 1. There is an ideal gas
with pressure p1, density ρ1 and temperature T1 in a straight round tube. There is a piston
on the left side of the ideal gas, and the piston and gas are static at the initial time, as shown
in Figure 1a. In the parameter curve, only the change of pressure p is shown to represent
the change of the gas state, so as to avoid repeating. In a very short period of time ∆t′, the
piston starts moving to the right at speed ∆t′ and squeezing the gas in the tube, as shown
in Figure 1b. A weak compression wave is formed at the intersection of the gas and the
tube, and the compression wave head A1-A1 pushes to the right at the sound velocity c1.
The sound velocity c1 is the local sound velocity of stationary gas in the round tube. With
the wave head as the boundary, the air parameters on the right side are the initial state in
the tube, and the air parameters on the left side are pressure p1 + ∆p′, density ρ1 + ∆ρ′ and
temperature T1 + ∆T′. In addition, the velocity increases from 0 to ∆v′, and the increments
of the four parameters are all positive. The piston continues to move forward, and the
piston speed reaches ∆t” after time ∆v”. The gas behind the wave head formed in the
previous stage is further compressed, and a new compression wave will be formed behind
it. The compressed wave head A2-A2 pushes the gas to the right at the sound velocity c1

′

relative to wave A1-A1, as shown in Figure 1c. The sound velocity c2 is the local sound
velocity of the gas behind A2-A2 in the round roadway. The absolute velocity of A2-A2 is
c1
′ + ∆v′. With the wave head A2-A2 as the boundary, the air parameters on the right side

are pressure p1 + ∆p′, density ρ1 + ∆ρ′ and temperature T1 + ∆T′. The air parameters on
the left side are pressure p1 + ∆p”, density ρ1 + ∆ρ” and temperature T1 + ∆T”. The velocity
is increased from ∆v′ to ∆v”. At this time, there are two wave heads, A1-A1 and A2-A2, in
the round roadway. As time goes on, the piston will form a series of wave heads in turn as
it moves to the right.
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Figure 1. Schematic diagram of shock wave formation.

The formula of sound velocity in gas is:

a =
√

kRT (1)

In the formula, k is the specific heat ratio of air, T is the thermodynamic temperature,
R is the universal gas constant of air and the universal gas constant is R = 8.31 J/(K·mol).
The air-specific heat ratio is also constant k = 1.4 in non-extreme cases. It is easy to see that
the sound velocity is only related to the gas temperature. The sound velocity is different at
different temperatures in the flow field.

The moving speed of A1-A1 is:

v1 = c1 =
√

kRT1 (2)

The moving speed of A2-A2 is:

v2 = c2 + ∆v =
√

kR(T1 + ∆T′) + ∆v (3)

Obviously, the wave head A2-A2 will eventually catch up with the wave head A1-A1
and merge with it after a certain period of time. By analogy, A3-A3 and A4-A4 after the
wave head A2-A2 will catch up and merge with the initial wave head A1-A1. Since the
air compression wave is also a mechanical wave, the strength of the compression wave
obeys the superposition principle, and the strength of the wave at the compression wave
is strengthened. Due to the continuous advancement of the piston, new wave heads are
continuously generated, and the compression wave is continuously strengthened. Finally,
a compression wave with great intensity is formed, which is generally called a shock
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wave. The continuously strengthened wave head is called the wave front. After the
shock wave front passes through, the gas parameters change from the initial p1, ρ1 and
T1 to p2, ρ2 and T2 (the values are calculated in the later chapters), and the gas velocity
behind it changes from 0 to vf, which is called the accompanying velocity. It should be
emphasized that the adjoint velocity is the velocity of the gas after the wave, and the
velocity of the shock wave front is the propagation velocity of the mechanical wave. The
two are completely independent concepts. The shock wave front velocity is greater than
the accompanying velocity.

In summary, the shock wave is a strong disturbance wave. Its propagation velocity
and wave front velocity are greater than the sound velocity. The gas state parameters of
the shock wave change abruptly (pressure, temperature and density are all increased). The
so-called mutation is because the gas state parameters have a large parameter gradient at
the wave front and are macroscopically discontinuous. The greater the parameter gradient
is, the more obvious the viscous dissipation effect of the gas is at the time of sudden change.
The result is that the gas inertial force and viscous dissipation reach equilibrium, as shown
in Figure 2a. The spatial thickness involved in this equilibrium stage is several molecular
average free paths. The calculation formula of the average free path λ of gas molecules:

λ =
kT√

2πd2
0 p

(4)
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Figure 2. Wave front of a shockwave.

In the formula, k is the Boltzmann constant, k = 1.38 × 10−23 J/K; T is the absolute
temperature, K, in the standard state, T = 273.15 K; d0 is the molecular effective diameter,
m; the effective average diameter of air molecules is 3.7 × 10−10 m; p is gas pressure, Pa;
the atmospheric pressure is 1 × 105 Pa; and the average free path of air molecules in the
standard state is 5.9 × 10−8 m. This length can be ignored on the macro scale. Therefore,
the shock wave front can be completely described as a vertical plane, as shown in Figure 2b.

The shock wave front discussed above is perpendicular to the propagation direction
of the wave front, which is called a normal shock wave. Because the axis direction of the
roadway is perpendicular to the shock wave of a coal and gas outburst in the roadway,
which is similar to the normal shock wave, the shock waves described in this paper are all
normal shock waves.

2.2. Coal and Gas Outburst Formation Characteristics

After the formation of underground production and ventilation systems in a coal mine,
although there are factors such as altitude and ventilation system, compared with the gas
pressure in the coal seam (several atmospheric pressures), a strong gas pressure gradient
is formed between the air pressure in the roadway and the gas pressure in the coal seam.
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Under certain combination conditions of gas pressure, ground stress and physical and
mechanical properties of coal, a coal and gas outburst will occur.

The simplified coal and gas outburst scene is shown in Figure 3. Under the action
of ground stress and gas pressure, the outburst is excited, and a large number of broken
pulverized coal and gas migrate from the coal seam to the roadway at a high speed.
From left to right, it can be divided into the stable coal seam area, coal-gas flow area, air
compression area and roadway unaffected area. The location of these areas will change
with the change of the outburst influence stage, and the interior of each area is also uneven
(except for the temporarily unaffected area of the roadway).
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Figure 3. Schematic diagram of a coal-gas outburst.

After the failure of the weak layer at the outburst mouth disappears, the pulverized
coal-gas in the high-pressure space of the coal seam are released and freely migrate to the
roadway space. The coal-gas flow will first form in the coal seam. The initial coal-gas flow
first compresses the roadway air at the outburst port, and as the coal-gas flow moves, its
interface with the air continues to move forward (right side). The compressed roadway air
moves forward and compresses the more forward roadway air. The front of the compressed
roadway air is called the outburst wave front. The range between the wave front and the
coal-gas flow is the air compression zone. The roadway in front of the wave front has not
been disturbed by the outburst, which is called the temporarily unaffected area. The air
parameters in the area are stable and maintain initial parameters. The moving speed of
the wave front is the development speed of the influence range of a coal and gas outburst.
From the above discussion, it can be known that the forefront of the impact of a coal and
gas outburst is the air compression zone, not coal-gas flow.

3. Coal and Gas Outburst Shock Wave Theory
3.1. Overview of Shock Tube

Shock wave is an important research topic in many fields of nature and laboratory. Its
shock wave theory plays an important role in aerospace, aviation, explosion engineering
and other fields. A shock tube can form stable and controllable shock waves in laboratory
research, which is an important instrument for shock wave-related research. The shock
wave process formed in coal and gas outbursts is highly similar to the shock wave process
formed by a shock tube. Therefore, this section takes shock wave theory as the starting
point to study the shock waves of coal and gas outbursts.

The world’s first shock tube was born in France in 1861. The chemist P. Vieille used
it to obtain a moving shock wave with a velocity of 600 m/s in the process of studying
the detonation problem in combustion. With the development of shock tube technology
and the increase in social development needs, a shock tube is of great significance in many
fields. In addition to the basic theories of physics and chemistry, it has been widely used in
the fields of electromagnetic fluid mechanics, pneumatic lasers, anti-explosion processes
and combustion [22–26]. The shock tube is widely used. The main reason is that the shock
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tube itself has many advantages, such as a simple structure and strong controllability of
shock wave parameters.

The shock tube in the laboratory can be in a variety of forms, but its core basic forms
are consistent. The basic shock tube form is called the shock tube later. The shape of
this shock tube is a straight tube with an equal cross-section, which is divided into two
parts: a high-pressure section and low-pressure section, which are isolated by a bursting
disc, as shown in Figure 4. When a shock wave is needed, the bursting disc breaks and
the high-pressure gas in the high-pressure section suddenly rushes into the low-pressure
section to form a shock wave. By changing the gas species in the high- and low-pressure
sections of the shock tube and the gas pressure in the high- and low-pressure sections, the
shock tube can form different shock waves [27–30].
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Figure 4. Initial state of the shock tube.

In the shock tube experiment, when the pressure difference on both sides of the
bursting disc exceeds its critical value, the bursting disc ruptures. Due to the huge pressure
difference on the two sides of the bursting disc, an incident shock wave is generated from
the bursting disc position to the right side, and a sparse wave is generated to the left side,
as shown in Figure 5. In order to facilitate the later description, the original high-pressure
section of the shock tube is called zone 4, and the low-pressure section is called zone 1.
When the incident shock wave is formed, its power is the high-pressure gas on the left side,
but after the incident shock wave begins to move, it begins to cause a sudden change in
the parameters of the low-pressure section at the junction with it. The shock wave front
is transferred to the original low-pressure section gas, and the gas parameters (including
pressure) of the low-pressure section of this part are surged to form zone 2. With the
passage of time, zone 2 gradually moves to zone 1, and the moving speed is the shock wave
front speed. The influence range of the sparse wave moving to the left is called zone 3,
and the gas parameters (including pressure) in zone 3 become smaller. One difference
between rarefaction waves and shock waves is that rarefaction waves do not cause sudden
changes in gas parameters, so rarefaction waves are generally not ignored as a line in the
vertical direction in space. However, the spatial length of the sparse wave is very short
compared with zone 3, and they are all formed by the original high-pressure gas, so this
zone is merged into zone 3 and its parameters are regarded as zone 3. Therefore, after
the rupture of the bursting disc, the shock tube is divided into zone 4, zone 3, zone 2 and
zone 1 from left to right. The pressure in zone 4 is the largest, the pressure in zone 1 is the
smallest, zone 3 and zone 2 are equal and between zone 4 and zone 1. Before the incident
shock wave or rarefaction wave reaches the two ends of the shock tube, the range of zone 2
and zone 3 gradually increases, and the range of zone 1 and zone 4 gradually decreases. It
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is easy to see that the gas in zone 1 and zone 2 is the original low-pressure gas, and the gas
in zone 3 and zone 4 is the original high-pressure gas. Zone 3’s position spans both sides of
the original bursting disc position.
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Figure 5. Region division and wave system diagram in shock tube.

The upper part of Figure 5 shows the shock tube wave diagram. In the figure, the
ordinate represents the time, and the abscissa represents the spatial position of the shock
tube axis. L1, L2, L3 and L4 represent the shock wave front, the original high-pressure
and low-pressure gas interface, the sparse wave right end and the sparse wave left end,
respectively. At time t1, these three sections move to x1, x2, x3 and x4, respectively.

In Figure 6, the two figures are the pressure curves in the shock tube at the initial time
and t = t1 time, respectively.
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Figure 6. Pressure curve in shock tube.

When the shock wave theory is applied to the theoretical analysis of a coal and gas
outburst, zone 1 is the area where the roadway has not been affected, zone 2 is the roadway
air affected by the shock wave, zone 3 is the coal-gas flow area and zone 4 is the outburst
area in the coal seam.

3.2. Derivation of Outburst Shock Wave Parameters

Although most of the roadways in coal mines are curved, most of the roadways are
also straight in a small range, and most of the coal and gas outbursts occur in the tunneling
roadways; these roadways are also straight, which is similar to the geometry of the shock
tube. Additionally, the space of the coal mine roadway is much larger than that of the
ordinary shock tube. From this aspect, the coal mine roadway is more in line with the
assumption of the ideal shock tube.

Some idealized assumptions are needed in the theoretical derivation of coal and gas
outburst flow and fluid in shock tubes. Based on these assumptions, complex practical
phenomena, in reality, can be transformed into strict formulas. Facts have proved that
these assumptions are reasonable, and the calculated results only slightly deviate from
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the actual gas flow. The main assumption is that the gas in the shock tube is an ideal gas
without viscosity. The shock tube wall is rigid. There is no heat exchange between the gas
and the shock tube wall. The gas flow in the shock tube is a one-dimensional flow. The
rupture of the bursting disc ends instantaneously and completely. In sparse waves, the gas
is isentropic. The shock tube that satisfies the above assumptions is also called an ideal
shock tube.

As shown in Figure 7a, the incident shock wave front passes through the gas in zone
1 with vs, and then the gas in this zone suddenly changes to the gas in zone 2. The gas
changes from the stationary state to vb, and vb is the adjoint velocity. In order to facilitate the
analysis, the coordinate transformation is carried out. The coordinate system is established
on the shock wave front, and the incident shock wave is transformed into a stationary state
to become a stationary shock wave. At this time, the gas in zone 1 enters the wave front
at the speed of v1 = vs (facilitate the calculation of the retention value size and ignore the
speed direction, the same below). The gas after the parameter mutation moves to the left at
the speed v2 = vs − vb, as shown in Figure 7b. Gas thermodynamic static parameters such
as pressure, density and temperature are independent of coordinate transformation.
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In fluid mechanics, Mach number M is an important parameter to describe the flow
state. It is defined as the ratio of the velocity v of a point in the flow field to the local sound
velocity c of the point:

M =
v
c

(5)

Similar to the concept of local sound speed, the Mach number describes the local proper-
ties in the flow field. If the local sound speed of two points in the flow field is different, even
if the two points have the same fluid velocity, the Mach number is also different.

The gas Mach number M before and after the wave front after the coordinate transformation:

M1 =
v1

c1
=

vs

c1
(6)

M2 =
v2

c2
=

vs − vb
c2

(7)

In the formula, the subscript of 1 is the gas parameter on the right side of the shock
wave, and the subscript of 2 is the gas parameter on the left side of the shock wave.

In Figure 7b, the gas in the imaginary frame is used as the control body, because the
standing shock wave is a parameter-stable structure and obeys the mass conservation equation:

{

S

ρ
→
V · dS = 0 (8)
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Only the front and back sides of the control body boundary S have fluid in and out. A1
is the area of the inlet surface of the standing shock wave, and A2 is the area of the outlet
surface of the standing shock wave. The two values are equivalent and the direction is
opposite, so S = A1 − A2, the above formula can be changed into:

A1ρ1vs − A2ρ2[(vs − vb)] = 0 (9)

The formula can be simplified to:

ρ1v1 = ρ2v2 (10)

The momentum conservation is obeyed in the control body, and the impulse of the
pressure resultant force is equal to the difference between the momentum of the outflow
fluid and the momentum of the inflow fluid.

{

S

(ρ
→
V · dS)

→
V =

{

S

pdS (11)

The above formula can be changed to:

p1 A1 − p2 A2 = mv2 −mv1 (12)

In the formula, m denotes the mass flow rate of gas in and out of the control body,
m = ρvA. The above formula can be transformed into:

p1 + ρ1v2
1 = p2 + ρ2v2

2 (13)

Similarly, the energy equation is expressed as:

{

s
ρ

(
e +

V2

2

)→
V · ds = −

{

S

p
→
V ·

→
dS (14)

The above formula can be transformed into:

h1 +
v2

1
2

= h2 +
v2

2
2

(15)

In the formula, v1
2

2 represents the kinetic energy of the airflow, which is a macroscopic
parameter. Enthalpy h represents the sum of gas internal energy and pressure potential
energy, which is a microscopic parameter.

The momentum Equation (13) is divided by the continuity Equation (10) to obtain:

v1
2 − v2

2 = (p2 − p1)(
1
ρ1

+
1
ρ2

) (16)

According to:

h =
k

k− 1
p
ρ

(17)

The energy Equation (15) can be transformed into:

v1
2 − v2

2 =
2k

k− 1
(

p2

ρ2
− p1

ρ1
) (18)

Combining Equation (16) with Equation (18):

ρ2

ρ1
=

1 + k+1
k−1

p2
p1

k+1
k−1 + p2

p1

(19)
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This function represents the relationship between the density ratio and the pressure
ratio before and after the normal shock wave, also known as the shock adiabatic relation.
In the experiment, the pressure before and after the shock wave can be directly measured
by the pressure sensor, and the density cannot be directly measured, so this formula can be
used for density calculation.

The isentropic change of gas is a reversible adiabatic process. The relationship between
pressure change and density change is:

ρ2

ρ1
= (

p2

p1
)

1/k
(20)

The density changes in the isentropic process and the shock process are compared
with k = 1.4, as shown in Figure 8. It can be seen from the diagram that when the pressure is
relatively small, the density ratio of the isentropic process and the shock wave process is not
much different. As the pressure ratio increases, the density ratio in the shock wave mutation
process becomes significantly smaller. The difference between the shock wave process [31]
and the isentropic process curve shows that the shock wave process is entropy-increasing,
that is, an irreversible process. In addition, as the pressure ratio further increases, the
density ratio of the shock wave process has a limit, and the limit value is:

ρ2

ρ1
=

k + 1
k− 1

(21)
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The calculated limit density ratio is 6. This shows that no matter how strong the shock
wave is, the maximum pressure behind the shock wave can reach 6 times the pressure
before the shock wave.

Equations (9) and (13) are combined to obtain:

vs =

√
ρ2

ρ1
· p2 − p1

ρ2 − ρ1
(22)

Combined with the shock adiabatic relationship (19) and the sound velocity relation-
ship, we can get:

vs =

√
ρ2

ρ1
· p2 − p1

ρ2 − ρ1
= c1

√
1 +

k + 1
2k

(
p2

p1
− 1) (23)
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In the formula, c1 is the sound speed of the gas before the disturbance (before the
shock wave). Since the shock wave pressure p2 is always greater than the front atmospheric
pressure p1, p2

p1
> 1, according to the above formula, it is easy to see that vs is greater than

c1. That is, the velocity of the shock wave front relative to the front gas is theoretically
calculated to be supersonic. The greater the shock wave strength, the greater the shock
wave propagation speed. When the shock wave strength is very weak p2

p1
→ 1 , the shock

wave velocity vs is infinitely equal to the unperturbed gas sound velocity.
Defined by the shock wave front Mach number:

M1 =
vs

c1
(24)

Derived from Equations (23) and (24):

M1 =

√
1 +

k + 1
2k

(
p2

p1
− 1) (25)

The shock wave front Mach number can be obtained from the pressure difference
before and after the shock wave. The shock Mach number can be obtained by Equation (24)
and Equation (25). However, in Equation (24), the velocity of the wave front needs to
be measured, while in Equation (25), the pressure before and after the wave front needs
to be measured. The difficulty and accuracy of pressure measurement are higher than
that of velocity measurement, so the shock Mach number is generally calculated directly
by Equation (24).

In the calculation of shock wave-related parameters, Mach number M1 can be con-
sidered an earlier determined parameter. Taking the Mach number as the known number,
other parameters can be calculated and deduced.

The inverse operation of Equation (25) is obtained:

p2

p1
=

2k
k + 1

M1
2 − k− 1

k + 1
(26)

Using this formula, the pressure behind the shock wave can be calculated by the shock
wave Mach number.

The local thermodynamic parameters of a point in the flowing gas in fluid mechanics
are called static parameters. If the isentropic velocity of the fluid at this point is reduced
to zero, it is called the stagnation state, and then the parameter value corresponding to
the static parameter becomes the stagnation parameter. Static parameters are real state
parameters, and stagnation parameters are parameters based on theoretical assumptions.
The sign of the stagnation parameter is generally 0. The stagnation parameters include
stagnation enthalpy h0, stagnation temperature T0, stagnation pressure p0, stagnation sound
speed c0 and stagnation density ρ0. These parameters are also called total enthalpy, total
temperature, total pressure and total density.

According to the Bernoulli equation, any two points on a streamline satisfy the formula:

h1 +
v1

2

2
= h2 +

v2
2

2
= const (27)

According to the definition of stagnation state, v2 = 0, then:

h0 = h +
1
2

v2 (28)

It can be seen from the Equation (28) that the total enthalpy is the sum of the enthalpy
related to the temperature of each point and the enthalpy related to the dynamic pressure of
the point. It essentially represents the total energy per unit mass of gas. The Equation (27)
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also shows that the total temperature (total enthalpy) of the gas remains unchanged during
the adiabatic process.

In addition, from the gas state equation:

h = cpT; cp =
kR

k− 1
(29)

The total temperature formula is obtained:

T0 = T(1 +
k− 1

2
v2

c2 ) (30)

Combined with the definition of the Mach number, the above formula can be written as:

T0 = T(1 +
k− 1

2
M2) (31)

In the formula, T and M can be subscripted at any position.
The parameters p and ρ in the momentum Equation (13) and the energy Equation (15)

are eliminated, and only the parameters temperature T and velocity are retained. It can be
transformed into:

RT1

v1
− RT2

v2
+ (v1 − v2) = 0 (32)

kR
k− 1

T1 +
v1

2

2
=

kR
k− 1

T2 +
v2

2

2
=

kR
k− 1

T0 (33)

From the Equations (32) and (33), we can obtain:

kRT0(v2 − v1)

v1v2
+

k + 1
2

(v1 − v2) = 0 (34)

By solving the above equation, the sound velocity relationship before and after the
shock wave is obtained:

v1v2 =
2kRT0

k + 1
(35)

By the critical speed of sound equation:

ccr =

√
2kRT0

k + 1
(36)

So, there is:
v1v2 = ccr

2 (37)

λ1 =
v1

ccr
, λ2 =

v2

ccr
, λ1λ2 = 1 (38)

By the definition of Equation (35) and the Mach number, it can be concluded that:

M1M2
√

T1T2 =
2

k + 1
T0 (39)

Substituting the total temperature Equation (31) into the above formula, we can get:

M2 =

√√√√ M1
2 + 2

k−1
2k

k−1 M1
2 − 1

(40)

The Mach number M2 represents the ratio of the airflow velocity to the local sound veloc-
ity in the standing shock wave, that is, the Mach number after the coordinate transformation.
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From the above theory of total temperature, the shock wave process is an adiabatic
process, so the total temperature before and after the wave front remains unchanged, so:

T1(1 +
k− 1

2
M1

2) = T2(1 +
k− 1

2
M2

2) (41)

Combining Equation (40) with Equation (41), we can obtain:

T2

T1
=

(1 + k−1
2 M1

2)( 2k
k−1 M1

2 − 1)
(k+1)2

2(k−1) M1
2

(42)

From the general gas state equation and Equations (26) and (42), it is concluded that:

ρ2

ρ1
=

p2

p1

T1

T2
=

k + 1
2

(
M1

2

1 + k−1
2 M1

2
) (43)

By the continuity Equation (10):

v1

v2
=

ρ2

ρ1
=

2 + (k− 1)M2

(k + 1)M2 (44)

In the continuity equation, v2 is expressed as v2 = (vs − vb). Combining Equation (43)
and the sound velocity formula, the expression of the accompanying velocity can be obtained:

vb = c1
2

k + 1
M− 1

M
(45)

According to the second law of thermodynamics and the definition of entropy:

ds =
δq
T

=
de + p·d( 1

ρ )

T
= cV ·

dT
T

+ R
d( 1

ρ )

( 1
ρ )

(46)

Integral on both sides:

s2 − s1 = cV ln(
T2

T1
) + R ln(

ρ1

ρ2
) = cV ln

 ( T2
T1
)

( ρ2
ρ1
)

k−1

 (47)

Substituting the shock temperature ratio Equation (42) and the density ratio Equation (43),
we obtain:

s2 − s1 = R ln
[

2 + (k− 1)M1
2

(k + 1)M1
2

] k
k−1

+ R ln
[

2kM1
2 − (k− 1)
(k + 1)

] 1
k−1

(48)

M1 > 1 in the process of shock wave is substituted into the above formula:

s2 − s1 ≥ 0 (49)

Therefore, the entropy value increases after the shock wave of a coal and gas outburst,
which is an irreversible process.

3.3. The Attenuation of Outburst Shock Wave Intensity

According to the ideal shock wave theory, when the shock wave source does not
attenuate, the ideal gas shock wave front will not weaken with the increase of propagation
distance in the process of propagation in the roadway. Even if the shock wave source can
only maintain a short time, the propagation of the shock wave in the tunnel may not be
affected in a short time, and the specific principle is no longer described. However, the
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non-attenuation of shock wave is not consistent with the traditional understanding and
does not conform to the fact. In the process of real shock wave propagation, due to the
influence of viscosity in the moving gas and heat conduction between the roadway, the
intensity (or propagation speed) of the shock wave gradually decays, but the attenuation
speed is slow [32,33]. In summary, the attenuation of shock waves in an underground
ventilation system mainly depends on the bending of facilities such as anti-burst doors or
the roadway itself. Some other studies say that there is a linear relationship between the
attenuation of the prominent shock wave and the propagation distance of the shock wave,
which is not consistent with the facts.

4. Relationship between Gas Pressure and Outburst Shock Wave Intensity

The above part is the analysis of the shock wave propagation process after the occur-
rence of a coal and gas outburst and does not involve the analysis of the influence of the
initial gas pressure of the coal seam on the shock wave intensity. The following will be
combined with the above theory for further analysis to discuss the relationship between
gas pressure and shock wave formation strength.

As shown in Figure 9, the region division and pressure magnitude diagram of the
shock tube at a certain time are shown. There is a left-lateral sparse wave between zone 3
and zone 4. The high-pressure coal-gas flow in zone 4 accelerates to zone 3 through
expansion, and its flow is an isentropic flow. The gas flow in zone 3 and zone 4 on the same
streamline conforms to the formula:

u3 +
2

k3 − 1
c3 = u4 +

2
k4 − 1

c4 (50)
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Figure 9. Pressure distribution in shock tube.

In the formula, u3 and u4 represent the fluid flow velocity in zone 3 and zone 4,
respectively, and zone 4 is the static region, so u4 = 0. k3 and k4 represent the specific heat
ratio of fluid in zone 3 and zone 4, respectively. Zone 3 and zone 4 are essentially the same
substance, so k3 = k4. Therefore, the above formula can be rewritten as:

u3 +
2

k4 − 1
c3 =

2
k4 − 1

c4 (51)

The isentropic flow satisfies the following equation:

p4

p3
= (

c4

c3
)

2k4
k4−1 (52)

The contact surface of zone 2 and zone 3 meets the compatibility relationship:

u2 = u3, p2 = p3 (53)
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The pressure relationship between zone 4 and zone 1 satisfies:

p4

p1
=

p4

p3

p3

p1
=

p4

p3

p2

p1
(54)

Using the above formula can be obtained:

p4

p1
=

2k1M2 − (k1 − 1)
k1 + 1

{
1−

(
k4 − 1
k1 + 1

)(
c1

c4

)(
M− 1

M

)}−( 2k4
k4−1 )

(55)

This formula represents the relationship between the pressure ratio p4/p1 and the
shock Mach number M (shock wave intensity). The parameters k1 and c1 in the formula
are roadway air parameters, which are easy to obtain. k4 and c4 represent the equivalent
specific heat ratio and equivalent sound velocity of coal-gas flow. They have no known
fixed values and can only be obtained through experiments. Because there are many
distribution positions of parameter k4 in Equation (55), it is difficult to unify it. Therefore,
this paper sets the parameter as 1.4. The relationship between the theoretical pressure
ratio p4/p1 and the experimental results is calculated by changing the equivalent sound
velocity. Figure 10 shows the ratio of initial gas pressure to atmospheric pressure p4/p1
when the ratio of standard atmospheric sound velocity to the equivalent sound velocity of
coal-gas flow c1/c4 takes different values at Mach number M = 1.5. The inverse calculation
of Equation (55) can directly calculate the outburst shock wave M from the initial gas
pressure of the coal seam. If the initial gas pressure p4 of the coal seam and the intensity
of the outburst shock wave are known, the equivalent sound velocity of the coal-gas flow
under this condition can be calculated.
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Figure 10. The relationship between equivalent sound ratio and pressure ratio.

It can be seen from Figure 10 that the pressure ratio is very sensitive to the equivalent
sound velocity of the coal-gas flow. The pressure ratio is 7 when c1/c4 is the same sound
velocity in zone 4 and zone 1. When c1/c4= 1.5, the pressure ratio is 12.6. When c1/c4= 2,
the pressure ratio is 24.

5. Conclusions

(1) When outburst occurs, a large amount of broken coal and gas migrates from the
coal seam to the roadway under the action of ground stress and gas pressure. It
can be divided into stable coal seam area, coal-gas flow area, air compression area
and roadway unaffected area. The location of these zones will change with the
development of the outburst, and the internal of each region is uneven. The outburst
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energy accumulates continuously at the interface between the air compression zone
and the unaffected zone of the roadway, forming an outburst wave front, and its
formation and propagation satisfies the aerodynamic theory;

(2) Based on the shock wave theory, the shock wave of a coal and gas outburst is studied,
and the theoretical model of the shock wave of a coal and gas outburst is established.
The propagation velocity of an outburst shock wave is greater than the speed of
sound, and much larger than the velocity of airflow. After the outburst shock wave
passes through, the pressure, temperature and density of the roadway air will change
suddenly. Due to the viscosity of the moving gas and the heat conduction between the
roadway and other factors, the strength of the shock wave gradually decays, and the
attenuation speed is slow in the straight roadway. The attenuation of a shock wave in
an underground ventilation system mainly depends on the bending of facilities such
as anti-burst doors or the roadway itself;

(3) According to the shock wave theory, the expressions of outburst gas pressure and
outburst shock wave intensity are derived. In order to facilitate understanding and
calculation, the concept of the equivalent sound velocity of coal-gas flow is proposed.
Under the condition of determined outburst intensity, the initial gas pressure is very
sensitive to the equivalent sound velocity. According to the initial gas pressure and the
intensity of the outburst shock wave, the equivalent sound velocity can be calculated.
Or, under the condition of the known equivalent sound velocity, the intensity of the
outburst shock wave can be directly calculated according to the initial gas pressure.
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