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A FULLY COUPLED SOLID AND FLUID MODEL
FOR SIMULATING COAL AND GAS OUTBURST
WITH DEM AND LBM

1. Introduction

A fundamental challenge to effectively predict and control the outburst is to understand
its physical mechanism and factors contributing to its initiation and development. Field
observations and laboratory studies reveal that the occurrence of the outburst is the result of
combined effects of stress redistribution, gas desorption, coal property and time effects [1-4].
The use of numerical simulations can provide useful insights on outbursts. Along this line,
there are already some attempts [5—11]. However these models do not model solid fracture
and fragmentation explicitly. Free flow of fluid and two-way interactions between the solid
and fluid are also missing.

In this study, a new outburst model which includes the most recognized effecting factors of
outbursts is presented. The model couples two well developed numerical approaches: the
Discrete Element Method (DEM) and the Lattice Boltzmann Method (LBM).

2. Model

The DEM is a powerful numerical tool and has been extensively used in many scientific
and engineering problems [12]. The Esys_Particle code, an open source DEM code, is used
in this study. Detailed information about the model and the code can be found in open
literature [13—17].
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In recent years, the LBM has made brilliant progress as a new method in numerical
modeling of fluid dynamics. The LBM solves the particle distribution function f. The completely
discretized equation, with the time step Af and space step Ax, is given by BGK model [18].

S (x +e t+A) = f, (x,.1)= —%[fu (x.0)= £ (x[,t):| )
where:
T — denotes the lattice relaxation time,
e, — 1is the discrete lattice velocity in direction,
o, x; — is a point in the discretized physical space,
f.4 — is the equilibrium distribution function.

Eq. (1) is usually solved in the following two steps: collision and streaming step:

Tt )= 1, (x0) = —%[fa () 1 (3.1)] @
£ (%, +e t+A) = £, (x,,t+ A1) 3)

where fa — represents the post-collision state.

In this study, the open source code, OpenLB [19], is used to couple with the Esys_Particle
code. There are several issues to be addressed for such coupling: moving boundary conditions
for a curved shape; momentum transfer between solid particle and fluid; and force from
fluid to solid particles.

The particle surface can intersect the link between two nodes at arbitrary distance with
a ratio of § = |x X, / |x , —xb| (Fig. 1). The reflected distribution function at node x, can
be calculated using an interpolation scheme [20]

1, (xf,t+At)=$[(l—6)-fu (x, .1+ A2)+8- £, (x,.1+At)

4)
+38- f; (xfz,l + At) -6w,p,.e, -uw/ch

where:
w, — is the weight factor,
p,, — is the fluid density at node x, (Fig. 1),
u,, — 1is the velocity of the solid particle.

378



The fluid force acted on the particle surface can be obtained using

9

F=Y e[ f(50)+ f, (x,.0+A0) | A/t (5)

x, o=l

where the first summation is taken over all fluid nodes at x, adjacent to the particle and the
second is taken over all possible lattice directions pointing towards a particle cell. This
force is added to the particle force in DEM code.
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Fig. 1. The moving curved wall boundary condition

Darcy flow is modeled by LBM code by considering the translational collision step as
a second intermediate step after streaming, denoted by /™

S (40 = £ (o) =< £ (50) = £ (1)) )

T

Then the porous medium step has the form
fo (et +A) = £ (xt+ At)+n [ £ (x+e,.t+A8)— £ (x,t+At) ] (8)

where 7, is a damping parameter introduced by Dardis and McCloskey [21-22]. Diffusion is
managed by DEM part in the coupled scheme. It is assumed that there is an average and uniform
pore pressure p, and concentration ¢, for each particle i.
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The fluid exchange between two contacted particles i and j is determined by the Fick’s
first law of diffusion

AV, =D(c, —c,)Ar,
where D is the diffusion coefficient of the link.

The hydro-mechanical coupling can be implemented based on the Biot’s linear pore-
elastic theory [23]

e=—(P-op)/K ©)
¢=-o(P-p/B)/K, (10)
where:
p — is pore pressure,

P =-0,, /3 — is the mean or total mechanical pressure (isotropic compressive stress),

e=¢g, = A is the volumetric strain (positive for extension),
s=V; / V' — is the variation of fluid content (positive corresponds to a “gain” fluid),
o — is Biot coefficient,
B — is the Skempton pore pressure coefficient,
K, — is the drained bulk modulus of the material,
VandV, — are the volume of the material and fluid respectively.

Desorption is implemented in both DEM and LBM codes. The reduction of concentration
in a solid particle is described by

dc 1
o = le—ep)] (n
t T,
where:
¢ — is average matrix gas concentration,

p — is gas pressure (Eq. 9),
7, — issorption time,
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cdp)=V, v

where:
V' — is the volume of the particle,
V. — the volume of adsorbed gas in the coal matrix at pressure p is described by
the Langmuir adsorption isotherms:
y, = 2% (12)
P +p

where V; and P, — are Langmuir volume and Langmuir pressure.

3. Preliminary results

Some preliminary numerical results are presented here. Figure 2 shows particle motion
in the fluid. Three particles bonded as a rigid body are driven by the fluid flow (Poiseuille
flow). The motion and rotation of the rigid body, as well as vortex behind it, are clearly
observed. This example verifies the algorithm of the two-way coupling of solid and fluid:
moving boundary condition and dragging forces.

Fig. 2. Three bonded particle driving by fluid flow

A small outburst simulation is carried out. The model consists of 1003 equal-sized particles
and 305%300 fluid grids. Constant confining pressures are applied at left, right, top and
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bottom boundaries. The soft and fragile middle part (shown in dark and light grey in Figure 3),
sandwiched by a harder and stronger rock, models a coal seam. Excavation starts from left
side with constant speed by removing the dark grey part. Two supporting walls (horizontally
dashed lines) are placed after the excavation, growing and following the moving excavation
wall (vertical dashed line) at the right end (Fig. 3).
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Fig. 3. Schematic diagram
of excavation and outburst simulation

Figure 4 shows the results of particle motion and fluid velocity at several time steps. In
the early stage of excavation, there is no fracture events, and desorption of gas from the
exposed surface is clearly observed. At the time step of 7000 (Fig. 4a) fractures occur at the
excavation surface and excavation stops. After this the whole system of particle and fluid
evolves by itself (Fig. 4b), and eventually the fractured coals are ejected from the face under
exertion force of fluid and a cave with a small mouth and big inside void is formed, which
is widely observed after the occurrence of an outburst in coal mines.
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Fig. 4. Particle motion and fluid velocity during the outburst development:
a) time step = 4000; b) time step = 18400
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Figure 5 shows the concentration of gas adsorbed in the solid coal at the same time steps
with Figure 4. Lower concentration at the surface is observed due to desorption (Fig. 5a).
The concentration changes in the inner particles are caused by diffusion process. The particles
from the bursted coal have the lowest gas concentration (Fig. 5b) because they are totally
exposed and have larger surface areas, therefore continue gas desorption while moving away
from the face.

Fig. 5. Gas concentration at different time steps

It is observed that lower initial gas concentration will delay outbursts when all other
parameters remain the same. This clearly suggests the important role of initial gas content
played in outbursts. The sensitivity of outburst occurrence to other parameters will be further
studied.

4. Summary

A new outburst model includes the most recognized factors of outbursts, including
deformation, fracture and fragmentation of solids, free flow of fluid, Darcy flow, diffusion,
desorption of gas, and two-way coupling of solid and fluid. The preliminary results with
small scale simulations are encouraging as the whole outburst process is well reproduced.
Current paper only presents the 2-D model. The 3-D model is under development. Although
the input parameters are not calibrated to the practical data, and only small scale simulations are
carried out currently, the new model has potential to numerically investigate the full mechanism
and interaction of contributing factors of outburst.
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