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1 Introduction 
Dust lifting behind shock waves is a process that is especially interesting for engineers and researchers 
dealing with safety problems connected with dust explosions. When a shock wave propagates over a 
dust layer composed of dust particles, the particles are lifted and dispersed, leading to a dust cloud in 
the shock induced flow. This phenomenon often occurs in tunnels of coal mine or ducts of facility, and 
is serious industry issue. Lifting particles have very high combustion velocity because more dispersed 
particle acquires more oxygen, which is necessary for combustion. Consequently, this larger dust 
cloud in the presence of an ignition source cloud creates a severe dust explosion. The problems of 
lifting and dispersing of a dust layer behind a propagating shock wave must therefore be understood to 
ensure safety regarding dust explosion hazards. In addition, this problem has been contributed by 
many researchers in terms of collisions of particles and a curvature of the shock wave due to 
interference between fluid and particles. 
Although some works have investigated the dust lifting phenomena, few consider the combustion 
characteristics behind propagating shock wave, which can hardly be obtained experimentally. 
Recently, numerical analysis of the structure of a layered coal dust explosion was performed based on 
Euler-Euler approache, which treats particle phase as continuous phase. The purpose of this study is 
therefore to investigate the initial process of the layered coal-dust explosions behind a propagating 
shock wave by using numerical simulation based on Euler-Lagrange approache. Two cases were 
considered: a dilute oxygen flow with an initial concentration of 24%, and a dense oxygen flow with 
an initial concentration of 50%. 

2 Description of model 
2.1 Computational domain and conditions 

The geometry of the shock tube for coal dust combustion is shown schematically in Fig. 1. It consists 
of a rectangular duct of 50 mm in height with a ditch of 80 mm (length) x 2 mm (depth) containing the 
coal particles of 100 µm in diameter. The coal dust has a density of 980 kg/m3. The dust was assumed 
to be brown coal with initial mass fraction of coal char and methane of 39.1% and 54.5 %, respectively. 
Air at a temperature of 294 K and standard atmospheric pressure is filled in the duct. For the 
boundaries of upper and lower wall, slip boundary conditions were used. The 0th-order extrapolations 
were used for boundaries of the inlet and outlet boundaries of the computational domain. 
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2.2 Governing equations for the gas phase 

The model equations used in the simulation of this work are outlined. The gas phase is treated as a 
continuous phase in the two-fluid model and described via the Euler equations, modified to include the 
fluid volume fraction as well as the gas-particle interaction due to the drag force. Accordingly, the 
conservation of mass, momentum, energy and masses of components for the gas phase are 

 ∂
∂t

αgρg( )+∇⋅ αgρgug( ) = ddt mv +mc( )  (1) 
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and 

 ∂
∂t

αgρgYk( )+∇⋅ αgρgugYk( ) = dmkdt  (4) 

where αg , ρg , ug , pg , and eg  are the gas volume fraction, density, velocity, pressure, and energy, 
respectively. up  is particle velocity. Yk , and mk  denote the mass fraction and mass of species k , and 
mv  and mc  represent the volatile and coal mass released from the coal, respectively. mg  is the gaseous 
methane mass, qg  is heat gain due to the methane gas combustion, f p  is the force acting on the solid 
particles, np  is the number density of the particles, and qp  is the heat flux defined by qp = h(Tg −Tp ) , 
where h , Tg , and Tp  are the heat transfer coefficient and gas and particle temperature, respectively. 
The ideal gas equation of state is used to relate pressure, chemical composition, temperature, and 
density of the gas phase, 

 pg = ρ pRTg
Yk
Mkk

∑  (5) 

where R  is the universal gas constant, Mk  is the molecular weight of species k . 

2.3 Governing equations for the particle phase 

The equation of motion for the representative coal particles is given by 

 ∂
∂t

α pρ pup( )+∇⋅ α pρ pupup( ) = −α p∇pg + f p − fi −
d
dt
mv +mc( )up −α pρgg  (6) 

where α p  is the solid volume fraction, which was calculated as α p =1−αg , ρ p  is the solid density, 
fi  is the inter-particle force, g  is the specific gravity force. Note that in the above interphase force the 

drag force [1] and Magnus force [2] are considered. However, the added mass effects and Basset 
history force have been neglected, because they play a minor role for the type of flows considered here, 
where the gas density is negligible as against the solid density [3]. The details of the inter-particle 
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Figure 1. Initial and boundary conditions for a layered coal-dust combustion system. 
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forces are given below. The particle temperature Tp  was calculated by considering the heat transfer 
due to convection and heat gain due to char combustion, using the following equation. 

 mpcp
dTp
dt

= hSp (Tg −Tp )− qc
dmc
dt

 (7) 

where cp , Sp , and qc  are the particle specific heat, surface area, and heat gain due to the char 
combustion. The particle to particle collisions are modeled by the isotropic solids stress τ . The solids 
stress derived from the solid volume fraction α p , which is mapped on the grid. The solids stress model 
used here is the form proposed by Andrews [4] and is expressed as follows. 

 fi =∇τ  (8) 

and 

 τ = Pp
α

p

β

max αcp −α p( ),  ε 1−α p( )"# $%
 (9) 

where Pp  is a constant with unit of pressure, β  is also a constant, αcp  is a solid volume fraction at 
maximum packing, ε  is a small number to remove the peculiarity. The values assigned to Ps , β , and 
αcp  are similar to those employed by Patanker et al. [5] and are 100 Pa, 3, and 0.6, respectively. 

2.4 Chemical reaction rate model 

Gaseous methane combustion and coal char combustion were calculated. The chemical mechanism 
consists of two global reactions. 

 CH4 + 2O2 →CO2 + 2H2O ,  C+O2 →CO2   

Coal devolatilization was simulated by a first-ouder single reaction model proposed by Badzioch et al. 
[6]. The rates of mass consumption for reactants CH4  is given as an Arrehenius expression. The 
values of kinetic parameters, namely, the pre-exponential factor and activation energy are taken from 
Beak et al. [7]. The char burning rate were calculated using Field’s model [8].  

2.5 Computational method 

The discretization method of convection term was simple high-resolution upwind scheme (SHUS) [9]. 
Third-order space accuracy was obtained using monotonic upwind scheme for conservation laws for 
the primitive variable interpolation. The time integral method was the 2-step Runge-Kutta method. The 
minimum cell size was 0.10 mm, and the cells near the dust layer were refined. 

3 Results and discussion 
The computed time sequences of gas phase temperature for the dilute oxygen case are shown in Fig. 2. 
The shock wave at 0.07 ms propagates toward the right side and curves due to interference with dust 
layer. The same trend was observed during experimental investigations of dust lifting behind shock 
waves by Fan et al [9]. The induced flow behind the shock has high temperature, about 670 K. Near 
the starting point of dust layer, it is seen that the shock-induced flow lifts the dust particles due to a 
drag force, particle-particle interactions, and the Magnus force. As time passes, the lifting process 
produces a dust cloud, where gas temperature increases to about 800 K due to the interference between 
the dispersed dust and the shock-induced flow. Consequently, the coal dust in the dust cloud is heated 
rapidly and ignites shown at 0.45 ms. After this, flame spreading through the dust cloud induces the 
ambient coal dust to ignite. 
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In order to discuss the influence of oxygen concentration, flow distributions for the dilute and dense 
cases are presented in Fig. 3. For the 24% case, high-temperature region in the dust cloud coincides 
with disappearance of oxygen and appearance of carbon dioxide as shown in Fig. 3 (a). This means 
that the dispersed dust is heated due to the interference with the shock-induced flow, so that the 
volatile gas is emitted from the dust particles and starts to combust. In the flame the burnt gas carbon 
dioxide is produced, and much of the oxygen is consumed from the combustion. 
As seen in Fig. 3(b), the same trend can be observed. The dust layer is lifted behind the shock wave 
and the dust cloud is created. A major difference between the dense and dilute cases is the flame 
intensity. For the dense case, the flame spread more widely than the dilute one. As presented in YO2  
distributions, the white lines correspond to an equivalence face of methane gas. The oxygen 
consuming area and the volatile gas emitting area of the dense case are more extensive than that of the 
dilute case, which may cause the broader flame of the dense case than that of the dilute case. It means 
that the emitted speed of the volatile gas and the consumption rate of the oxygen increase with 
increasing oxygen concentration, thus the location of the flame sheet is away from the coal dust. 
Consequently, the oxygen concentration around dust particles is related to the burning velocity of 
methane gas. This relation between the flame structure and the oxygen concentration is shown 
schematically in Fig. 4. 
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Figure 2. Computed time sequences of gas phase temperature for O2 = 24%  case in which shock Mach 
number is 2.60. 
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Figure 3. Influence of oxygen concentration on flow distribution for (a) O2 = 24%  and (b) O2 = 50%  at a 
time of 0.50 ms. T , YCO2 , YO2  are gas temperature, gas-phase CO2  mass fraction, gas-phase O2  mass 
fraction, respectively. White lines correspond to gas-phase CH4  mass fraction of 0.01. The height of each 
frame is 12 mm. 
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Figure 4. Flame mechanism for layered coal-dust combustion. 
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4 Conclusions 
In this study, a numerical analysis in the layered coal-dust combustion behind a shock wave was 
conducted by using numerical simulation based on Euler-Lagrange approach. According to this 
research the following mechanism as shown in Fig. 5 is important for layered coal-dust explosions 
behind a propagating shock wave. The shock induced flow lifts the dust layer, producing dust cloud 
due to drag force, particle-particle interactions, and the Magnus force. The dispersed coal dust is 
heated rapidly and starts to combust. The location of the flame sheet is subject to the oxygen 
concentration. In the flame the burnt gas carbon dioxide is produced, and much of the oxygen is 
consumed from the combustion. 
Two cases were considered: a dilute oxygen flow with an initial concentration of 24%, and a dense 
oxygen flow with an initial concentration of 50%. With increase of oxygen concentration the emitted 
speed of the volatile gas and the consumption rate of the oxygen increase, so that the location of the 
flame sheet is away from the coal dust. 
Further analysis of layered coal dust explosions for a longer time scale is required to ensure safety of 
dust explosion hazards, and the additional effect such as Saffman force, non-uniform particle size 
distribution are taken into consideration in our future work. 

References 

[1] Gidaspow, D. (1994). Multiphase Flow and Fluidization Continuum and Kinetic Theory 
Descriptions, Academic Press, Boston, MA. 

[2] Rubinow, S. I. & Keller, J. B. (1961). J. Fluid Mech., 11: 447. 

[3] Dennis, S. C. R. et al. (1980). J. Fluid Mech, 101: 257-279. 

[4] Andrews, M. J. & O’Rourke, P. J. (1996). J. Multiphase Flow, 22: 379-402. 

[5] Patankar, N. A. & Joseph, D. D. (2001). J. Multiphase Flow, 27: 1659-1684 

[6] Badzioch, S. & Hawksley, P. G. W., (1970). Kinetics of thermal decomposition of pulverized coal 
particles. Ind. Eng. Chem. Process Des. Dev., 9: 521-530. 

[7] Baek, S. W. et al. (1990). Comb. Flame, 81. 

[8] Field, M. A., (1969). Combust Flame, 13: 237-251. 

[9] Shima, E., & Jounouchi, T. (1995). Role of computational fluid dynamics in aeronautical 
engineering (No.12), Formulation of verification of uni-particle upwind schemes for the Euler 
equations. Proceedings of the 12th NAL Symposium on Aircraft Computational Aerodynamics, Japan: 
255-260. 

[10] Fan, B. C. et al., (2007). Shock Waves, 16: 179-187. 

 Coal dust layer�

Curved shock�

Dust cloud�

Dust lifting�

Shock induced flow�

Flame�

Ignition point�

Secondary effect�

Products�

Pressure waves�

 

Figure 5. Schematic diagram of a layered coal-dust combustion. 


