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Abstract: Mechanical vibration is a major effect generabgdacoustic stimulation
inside a coal sample for enhancing its permeabilibe numerical simulation based
on the staggered-grid finite differential metho®{#) is applied to simulate 3D wave
propagation in a fractured coal. Two parametersasivave energy5g and variable
width of cleat DW), are introduced and implemented in the numenmabel to
explicitly visualise and evaluate the acoustic station effects. The polarized wave
induced wave dynamics in a coal sample with a Mftaature is numerically
simulated and analysed. Especially, the energypitngpand dynamic variation of
fracture width in coal for the cleat/fracture witiree different filled media (i.e. air,
water and weak mineral) are numerically analysed emmpared with each other
subjected to different incident wave angles, arel dptimal stimulation parameters
are obtained through such sensitivity analysis.ufatron results show that the coal
property (i.e. cleat and its filled media) and demnt wave angles are crucial for
acoustic stimulation to produce physical damagesarat coal cleats and enhance the
permeability of fractured coal samples.

Keywords: Acoustic stimulation, Mechanical vibratjoEnergy trapping effect,
Permeability, Numerical modelling

1. Introduction

Coal seam gas (CSG), as an unconventional natasaigbecoming one of the major
energy resources around the world. CSG widely gxmspores and fractures/cleats of
coal in adsorption state but is difficult to expldue to the low permeability of coal

reservoirs. Therefore, enhancing the permeabilitg desorption rate of coal are
critical for improvement of CSG extraction amou@aqdossi 2013; Li et al., 2015).

Many methods such as hydraulic fracturing, highspuee water jet and blasting
vibration (Shen et al., 2012; Li et al., 2009; Siammet al., 2011; Li and Xing 2015),

have been tested and applied to achieve these.gbhés desorption rate and

permeability of CSG can also be significantly iraged by physical stimulation

through changing the thermal field, stress fieldceical and magnetic field (Pan et
al., 2012; Azmi et al., 2006; Hol et al., 2011; @Rae et al.,2010; Liu et al., 2006)

and their coupling effects. Acoustic wave fieldratiation method is relatively new

and successfully applied in oil recovery and utiras assisted desorption for removal
of aromatic pollutants (Ye et al., 2008; Mohammadt al., 2013; Alhomadhi et al.,



2014; Naderi et al.,, 2010). Furthermore, based h@wsd engineering applications,
acoustic stimulation method has been put forwaidthfwove CSG extraction rate and
permeability. Jiang et al (2015) designed a new aegips to study the
adsorption-desorption characteristics of CSG und#rasonic stimulation and
indicated that the following three factors of theahanical vibration thermal effect
and cavitation generated by acoustic stimulatioa e¥sponsible for enhancing
desorption and permeability. Desorption quantityG8G is significantly improved
through acoustic stimulation (Jiang et al., 200 et al (2013) studied CT scans of
coal samples after ultrasonic wave processing @ckified that both fractures’ width
and guantity increased, which enhanced the oveeatheability of coal samples. The
existing research concluded that within the rande utirasonic attenuation,
mechanical vibration is a major factor for permégbienhancement, but its
mechanism of whether and how the acoustic stinarlatvorks effectively is still
poorly understood and difficult to figure out thgbu the existing laboratory
experiments (Xiao et al., 2013; Jiang et al., 20Hs)d thus numerical simulation
based method is chosen as an alternative approatudying it here.

Numerical simulation of wave dynamics has been lyidtidied and applied in many
cases, which are specified for large scale earteyumumerical modelling (e.g.
Chouet, 1986), for dispersion solutions (e.g. Zhale 2004;Valeri Korneev 2008)
and for creation of synthetic seismic data (e.ggdMst and Helmberge 1973).
However, these studies provided limited knowledge Wwave-induced mechanical
vibration. Because they regarded the wave as a gigreal instead of a form of
dynamic force or energy, and lack of proper vasabto describe it. The wave
dynamic information, especially that at materiakrfaces (e.g. cleats/fractures) and
its linkage to dynamic variation of material periidity are largely ignored, but it is
the key for acoustic stimulation that needs be eslrd. Hence, our paper focuses on
the related investigation and discussion of sudmadyc effects during an acoustic
stimulation process through the numerical simufatio

This paper is to provide an alternative way to nucadly study the mechanical
vibration effect especially along the coal cleagsffures that may disturb the incident
ultrasonic waves. It is organized into the follogifour parts: numerical methodology,
computational models, computational results andudisions, conclusions.

2. Numerical methodology

2.1 Governing equations

From the experiments, time-accumulative charadiesiof the desorption amount
curves and CT scans demonstrated that width (ayth¢rexpansion of coal cleats
which improved overall permeability of coal samptas only be accomplished after
certain stimulation time (Jiang et al., 2015; Xieoal., 2013). Hence at the initial
stimulating stage of the experiment, the ultrasevawe propagation at the interfaces
of a cleat model, or around its surrounding mediismgoverned by the elastic wave
equation. The following elastic wave equation egpesl by particle displacement



vectoru is applied here:
(A+)0(0 )+ pdu = pu, (1)

where uy Is the acceleration matrixBased on the theorem of Helmholtz
decomposition, the same wave equation also caxfressed by the scalar potential
¢ and vector potentiay of particle displacemertd.d.achenbach 1975; Ashour 2000):

u=u,+ug,,u,=0¢ and u,=0xwy, (2)

whereu, andus are the particle displacement vectors producedanypression wave
and shear wave respectively. Thandu denote the Lamé parameters where S-wave
velocity Vs equals tdu/p)? and P-wave velocity), equals ta(A+u)/p)"%

The first-order velocity-stress staggered-gridténdifference (FVSFD) method has
been proved as one of the most effective and efficalgorithms for wave dynamic
forward modelling (Madariaga, Virieux and LevandBgbertsson) (Virieux, 1986;
Levander, 1988; Robertsson et al., 1994; Roberiss@®6; Madariaga, 1996). This
method is employed in this research to simulateirtkerface wave field of a cleat
model that generated by incident sub-waves to gxaet details of the generation of
mechanical vibration. The elastic formulation of &%D can be written in as

OJU B PRI
Py = AVt 2uv; T 1=,
00, P
a_t”:lu vi‘j+vj’i) if i#]. 3)
And the momentum conservation equation is
ov. .
p =0+ ot (1ik=123) (@)

where v; denotes the component of particle velociy; denotes the component of
stress vectoff; indicates the terms of external body forces.

2.2 Numerical discretization and stability
Taylor expansion has been employed to solve equ48p and (4) in 8 order in
spatial dimension and'®order centred difference in temporal dimension:

aa; Alec<N>{f[x+ SH2n-1)]- fx -2 (2n-1)} vo(Ax™), (5)

gf(t):f(t+At/2) f(t At/2)’ (6)
ot At

wherei=1,2,3 and Cy is the coefficients witlN=8.The Courant-Friedrichs-Lewy

criterion is applied for temporal discretization dgoid numerical instability of the

high order finite difference:

dh

dt<———, 7
R\/T":”Vp,max ( )

whereV, max denotes the maximum P-wave velocity of the model R depends on



the order of finite difference operators. The sgajrid distancealhis also considered
in the criterion, which similarly needs to satisfe following condition to avoid grid
dispersion:

V. .
dh< RSfijrl , (8)

max

wherefyh« indicate the maximum frequency of incident wavd ®gi, represents the
minimum S-wave velocity of the model.

2.3 Absorbing boundary conditions

The convolutional perfectly matched layer (CPML}atbing boundary condition has
been introduced to absorb the reflected wave atbthendary of calculation area
(Komatitsch and Martin 2007; Zeng et al., 2001).vé&/aquations are decaying
exponentially while propagating through the CPMearlt overcomes the drawback
of Dirichlet boundary condition as bellow so thhe tinterface wave field can be
isolated and accurately measured from the overalewield,

v(0)=Vv(Nh)=0, ¢(0)=6(Nh)= 0. 9)

2.4 Numerical validation

The code that developed for this research isyitststed and benchmarked with wave
pressure field analytical solutions under threéedsnt input wave functions (Frehner
et al., 2010; Fuchs and Mdller 1971) as showingigure 1.
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Figure 1. Comparison of numerical data and analtotata with different source
functions. (a) Ricker wavelet, (b) Fuchs-Mller w&at, (c) Swavelet function.

The pressures are calculated with a central pauotce in a homogeneous elastic
space by using the above numerical and analytieshods and compared with each
other (Figure 1), which shows that the numericélittan agrees very well with the
analytical ones for all the test cases. This demnates the accuracy of the developed
code in wave dynamics and will be used here to mally investigate the acoustic
stimulation of coal samples.

3. Computational models

3.1 Cleat model parameters

3.1.1 Geometrical parameters

Due to the irregular geometrical shapes of claatsgeds to be divided into a small
single rectangular hexahedron model with constaoingetrical parameters, and by
using one single model as the numerical simulatioodel the interferences of
geometrical irregularity has been properly ruled, @o the mechanical vibration
effect at interface of coal cleats can be represimely discussed. Figure 2 shows the
computational coal model with single cleat insitjevhich is set to the same scales of
the real coal cleats.
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Figure 2. Sketch of the model of cleat model in artesian coordinates. Black area
represents the cleat model that filled with difféarenedium (water, gas, and calcite).
The width of cleat model h=4utn and the length L=150u6n. The gray area

represents the basic coal medium that filled widmmon coal properties. The

geometrical parameters of this sketch are actualescfor all simulations. The

simulation time interval is 1x10s with total time steps of 6000.

3.1.2 Filled mediain cleats
In coal reservoirs, coal cleats are filled withisas media like single-phase fluids,
such as water and mixture of gasses, and solidangdch as calcite, mica and



limestone. The differences of material propertidsngity, velocity, and modulus)

between coal cleats and their surrounding coalirate actually the key factors for

the generation of mechanical vibration. Polarizedves will be produced and

propagate along the interface of two different malte if their physical properties

fulfil certain criterions. Basically, all of thespolarized waves are generated to
compensate the discontinuity of physical properéied their wave patterns could be
highly affected by the different presence of fillm@diums. Therefore, it is imperative
to use the representative filled medium for co@atimodel’s simulations to get

comprehensive details about mechanical vibratiablell shows three groups of
properties of model/surrounding medium combination.

Type of filled medium Basic Solid Water Gas Calcite
P-wave phase velocity,{m/s) 2022.00 1403.00 0.001 4120.00
Ratio V"V, / 6.94x10" 4.95x10' 2.04
S-wave phase velocity\im/s) 1207.00 0.001 0.001 2030.00
Ratio V"V / 8.29x10/ 8.29x10 1.68
Densityp (Kg/m®) 1410.00 1002.00 1.10 2511.00
Ratiop™/p / 7.11x10" 7.80x10" 1.78

Table.l Properties of surrounding medium and filled medionclea model

3.2 Incident wave parametersand analysis

3.2.1 Incident wave length

The frequency and shape of incident waves thatrge by the ultrasonic source
cannot maintain as constant parameters inside & saaple. Due to the high
heterogeneity of coal, propagation of ultrasonicvega is strongly affected by
frequency dispersion and scattering effects in ay vehort time period and
propagating range. This may separate the ultraseawe energy into a group of
sub-waves with higher frequencies and lower enehgyig and Xiao’s experimental
apparatuses did not measure the changes of ulicas@ve shape, but the very
similar phenomenon was measured and proved by Khostaderi (Naderi et al.,

2010). Figure 3 shows a sketch map of experimetd dhout strong changes of
ultrasonic waveform while penetrating through slurgsand plus water). The
frequencies of sub-waves were increasettitBes (or even more) than the original
frequency. Simple harmonic wave equation (10) sdufer illustration. Considering

the average energy flux density equatipriastislav et al.,, 2006) and energy
conservative law, and ignore any energy attenudienrelation between original
acoustic wave and sub-waves can be approximatelyittemr as
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Figure 3.Changes of ultrasonic wave shape and frequencymfipagated 10cm in
the slurry (sand + water), (Naderi et al., 2010).

— Ao _X
u= Asinw(t c ), (10)

1 N A (Texig X
> PCa A ‘EWWIL/Q codw (02 0 (11)

Since the coal is also showing the similar higheregeneity like slurry, it is totally
reasonable to make the statement that mechanioadticin effect at the interface of
coal cleats is generated by sub-waves that divided the original ultrasonic wave.
The wave length of each sub-wave can be calcufeded

c =2, (12)

3.2.2 Incident wave angle

During the acoustic stimulation, the coal cleats @nstantly getting wave load from
various incident wave angles, which deeply affegtatierns and levels of mechanical
vibration at the interface of cleats. In the reskaauthors simulated and discussed
the differences of mechanical vibration betweerfied#nt incident angles. Figure 4
shows the angle parameters, the black dots regréserource point. Figure 5 shows
the 3D image of 0° incident wave and cleat model.
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Figure 4. Sketch of the relative positiong-igure 5. Sketch for the cleat model’s
between 3D cleat element model andelative position between the 0°

incident wave angle (=0°, 15° 30° incident wave angle and cleat element
45°, 60° 75° 90°) . Its visualized ratio in 3D wave propagation snapshot

is not the actual scale for the element

model. The source pressure function that

used for all of the simulations are

F(t)=Agsin’(ztxf.),A;=1Mpa. The distant

between the source point and center of

the model is 2.75xfdm. The central

frequency of each sub-wave is 20 kHz x

10° = 20MHz

3.3 Evaluation methods for mechanical vibration

Most research about polarized waves focuses onmdtieal features (Zhu and
Popovics, 2004; Korneev, 2008; Scholte, 1947), saghielocity, dispersion equation
and the variety of signal response. Since chaiattsy for cleat expansion (and
physical damage) produced by mechanical vibratiennaainly concentrated on the
dynamic aspects of the acoustic wave, these previzethods would be insufficient
for the evaluation of current simulation. Therefotlkis paper proposed two new
parameters, shear wave energy, and variable widthhelp further analysis for

mechanical vibration. These new parameters aredbasewave field information

(velocity, stress, and pressure) that measured Somulation grid detectors which
located at two main interfaces of cleat model. Fegé shows the calculation grids
distributed at the main interface of the model.

Figure 6. The Sketch of detectors on the modelrfaxtes. Intersection nodes
represent the distribution of computational detector the value ofSE and DW
parameters. The node number at each interfacelis6li%x-y dimension).

3.3.1 Shear wave energy

Polarized waves can be mathematically divided imcrtain components of
compression wave and shear wave. In this reseanehgompression wave has been
used to for incident elastic sub-wave. During theole simulation area, the shear
wave can only be generated in two ways: polarizades stimulated by an incident
wave at interfaces of cleat model, and convertedewhat generated by sub-waves’
reflection and transmission. Since the convertedewgart around the interfaces of
that model only exit in a very short time ranges #alues of shear wave ener@E(



are mainly determined by the polarized wave, whighkes it very suitable for
evaluation of the magnitude of mechanical vibrati8multaneously the shear wave
component is also very effective to produce physieenage and enhance the CSG
desorption amount.

The wave equation (2) that expressed by the theafehlelmholtz decomposition
have the following properties:

Oxy=0,0x0¢ =0, (13)
ou_0 0

Oxv=—=—(0Oxu)=—(Ox0Oxy). 14

V=S at( u) at( V) (14)

By using vortex of particle velocity the magnitudé shear wave energy at each
detector can be calculated from equation (3) aid (4

Es= (Oxv ¥, se=uE$2 (15)

For every simulation time step, the total valueslaar wave energy at each interface,
as equation (16) shows, equal to the paran8ierfhe value oSEis calculated every
0.5us (every 50 simulation time step) to discuss thenges of wave energy at the
interfaces:

SE:iZX: se(t,i,j. (16)

The SEparameter is named shear wave energy in this plapeit does not represent
a kind of real physical energy. This parameterrigppsed only to isolate the shear
wave component and evaluate the energy changebkeopdlarized wave at the
interface of cleat model. The magnitudeS# parameter can accurately indicate the
tendency of wave energy changes at the interfatteddes not exactly equal to the
real wave energy.

3.3.2Variable width of cleats
The permeability of coal samples highly relies be width of coal cleats because
they are the migration pathway for CSG. Based orcalaw, the traditional fluid
flow in a fracture can be written in equation (1Which indicates that with the
constant viscosity« and pressure gradient fluQ is proportional to the width of
fractureb.

3

b gdf ki A dp
= ' =| d = 17
q 1271 dx Q=Ig and Q o i 17)

Within elastic deformation range, because of vaisave dynamic effects at the
interfaces of cleat model the constant widthecome a functiob. with variables of
time and positions that can be written as

b=b+h, b, =b(x,z,t. (18)

So the new fluid formula in a dynamic fracture denwritten in equation (19). And



with this equation, the new permeability formuladan the wave dynamic can be
written in

C Lo Ib®
Q :EJ.O J'Oquzdx: 12#%( A,uLj j b (x,z,t)dzc, (19)

Q=B ky =k o[ j j h (x,z)dzd, (20)

DW, = [ [ b(x,2)dzd. 1)

By calculating thddW, at each time step the variation trends of variabt#h can be
obtained to evaluate the effect of variable widdr permeability enhancement.
Similarly equation (22) included time domain foe timtegral of permeability function,
which evaluated the overall effect of variable Widuring a certain simulation time:

Kie = K, +ﬁ;_t)jf [ [ (x.z.)dzdx, DW, =[" [*[ B(x,z.t)dzdxc (22)

In this paper, the time range fddW, is the whole simulation range. The
Newton-Cotes method is used as numerical integratigorithm.

4. Computational results and discussions

Numerical simulation was carried out with thredeat#nt models with the following
filled media in cleats respectively: water, gas aalid.

4.1 Model one: water-filled cleat

4.1.1 Wave propagation field
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Figure 7. With 0° incident wave angle; Yomponent of wave field at different time
and dimension (Unit: X10°m/s) (a) t=9x18s, (b) t=2.08x18s, (c) t=2.12x18s,
(d) t=2.13x10s

With 0° incident wave angle, the propagation ofgpiaked waves at main interfaces of
water-filled cleats is a three-dimensional finibevtvelocity waveguide. The polarized
wave at the fluid-elastic-solid interface can beareled as Scholte wave, The
amplitude or energy concentration reach its maxinatrthe interface and decreases
exponentially away from the interface into both th&d and the solid medium.
Figures 7(a) and (b) show the generation of tharpmd wave by using the snapshot
of velocity component ¥ As the circle marked in Figure 7(a) indicates Whe
component at the propagation direction paralleltaxis is the weakest part of
incident sub-wave, so it is conspicuous thatcgmponent in Figure 7(b) becomes
much stronger at the fluid-solid interface becao$ehe generation of Polarized
waves. Figures 7(a) and 7 (b) also indicate that p& the energy of incident
sub-wave has been trapped at the interfaces (etraqgying effect) in the form of the
polarized wave, constantly propagating along therface and partially reflected back
at tips of cleat model. Figures 7(c) and (d) exkilbhe trapped wave energy at the
interfacell of cleat model in x-y dimension.
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Figure 8.1. Water-filled model with 0° incident veaangle, ¥ component represent

the energy lost of trapped energy at interfacesledt model in 2D (Unit: X 10?2

m/s). (a) t=2.32x18s, (b) t=2.45x10s
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Figure 8.2. Water-filled model with 0° incident weaangle, ¥ component represent
the energy lost of trapped energy at interfaceslezt model in 3D (a) t=2.32x7s,

(b) t=2.45x10s
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0.000
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Figure 8.1 indicates that if considering the whcolieat model as an energy system,
energy loss happens at the maximum area of wav&rcetive interference and cleat
model tips in a form of energy groups (Frehnen.e2810) which are projected to the
surrounding medium. Figure 8.2 shows the 3D geaoatshape of these energy
groups, which gives clear images of the trappedewaand leaving trend of wave
energy at different stages.

4.1.2 SE and DW measur ement
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Figure 9. Water-filled model, th8E parameter variation at interface and [ with
differenta values. The thick black short line bars at eadlizbaotal axis represent the
start point of leave time.

Figures 9(a) to (g) exhibit the changesS&parameter with time at main interfaces of
the cleat model. The bold black marks at each tixie represent the starting time
point for incident wave completely left the cleabadel, the leave time. Before the
mark, with different incident wave angle, the chiaggpattern ofSE parameter at the

two main faces are quite different; for large asgés in Figures 9(f) or (g), the



patterns are very similar to each other; but foalten angles Figures 9(a) to (e) the
SEvalue in the interfacél is much high than in the interfackeat the first, and then
the SEvalue at each interface alternatively became theimum value.

All of the figures in Figure 9 demonstrate the @yerapping effect. After the leave
time, the incident sub-wave completely left the eothut theSE still maintains at a
very high level and gradually loses its energy wesy low rate. Black arrow lines at
each Figure 9(a) and (b) indicate that regardléskfferences between incident wave
angles, all of the energy losing rates are apprateiy constant value, which is
illustrated by straight arrows in Figures 9(a) dbyl The relation between time and
energy losing amount can be written in a linearagiqu:

SE= C- |ﬂt’(Ki >0't>t;eave)' (23)

With a serial of sub-waves the energy will condtaatcumulate at the cleat model in
the form of a polarized wave and when the energgeed the certain damage
threshold the width and distributing area of cleai be expanded. The energy
trapping effect can give a good explanation fortthee-accumulative characteristics
of desorption amount curve that obtained by Jiaegfsgeriment.

After the leave time, it is noticeable that everriaias changing patterns GE
parameter have been produced by different incidene angles. ThBE parameter at
each interface gradually becomes equal valuesndicates that the mechanical
vibration can equally affect both interface of coldats after a short time range (as
marked by circles in Figures 9(c) and (d)).
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Figure 10. For water-filled model, ti®N,; parameters variation with differeatvalue.
The time range is from 2.3xP8 to 6.0x10s.

Figure 10 shows the changesdfV; with time under different incident wave angles.
Only the part of curves that after the leave tiswdiscussed, to eliminate the impacts
of incident sub-wave. As expected the width of cleadel varies with time, which
can be divided into two phases: contraction phaskexpansion phase. The larger
incident wave angle is the more drastic changesDdf values but the lower



frequency of phases’ changes. The variable widthlge produced by the polarized
wave that trapped at the interface of cleat maalad, with the accumulation of wave
energy, the value ofDW,; becomes large enough for a strong permeability
enhancement.

4.2 Moddl two: gas-illed cleat
4.2.1 Wave propagation field
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Figure 11.1. Gas-filled model with 0° incident waaregle, \, component represent
the energy loss of trapped energy at interfaceslazft model in 2D (Unit: X 102
m/s). (a) t=2.32x18s, (b) t=2.45x10s,
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Figure 11.2. Gas-filled model with 0° incident waaegle, \, component represent
the energy loss of trapped energy at interfaceseat model in 3D (a) t=2.32x7s,
(b) t=2.45x10s

Figure 11.1 and Figure 11.2 show the modelling Itesof cleat model filled with

gaseous medium. Similarly, the polarized waves @n@duced at the gas-solid
interfaces, which exhibit the energy trapping dffad losing energy by projecting
energy groups into the surrounding medium. Figur@(h) and 11.2(b) suggest that
unlike water-filled medium the trapped energy foe gas-filled model should have a



high losing rate right before the leave time. Sitie is no wave propagation inside
the model the energy losing only happens at theirmar area of constructive

interference.

4.2.2 SE and DW measur ement
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Figure 12. For gas-filled model, ti&E parameter variation at interfaceand | with
differenta value.

It can be observed from Figures 12(a) to (g) thiatating pattern also highly affected
by incident wave angle, and before the leave tBieparameter has the similar
characteristics with the water-filled medium. Is@ldemonstrated the phenomenon
observed from 3D wave snapshot that there is agavith rapid energy losing rate
before the leave time. The rate of energy losimgeéxh interface is approximately the
same constant value, but unlike the water-filledlinn@, smaller incident wave angles
make the interfacel maintainingSE values that higher than interface after the
leave time. This phenomenon is marked by circlebigtires 12(c) and (d). These
figures indicate that for smaller incident anglemre polarized wave energy will be
trapped on the first-arrived interfaeed keep this advantage all the time. So for a
serial incident wave, the physical damage will havetrong preference for the coal
cleat interfaces.
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Figure 13. For gas-filled model, tlBNparameters variation with differeatvalue. (a)
DW; parametethe time range is from 2.3xPG to 6.0x10s, (b)DW; parameter, the
time range is the whole simulation time

Figure 13(a) shows the time variation curveddt, parameters for the gaseous model.
It indicates that for all the incident wave anglgse DW; parameters have a
dominating maximum value right after the leave timfich is also much high than
any DW, value for the water-filled model. So it is meanwmigfo introduceDW,
parameter to discuss the influence of variable hitlirough the whole simulation
time. In Figure 13(b) th®W, parametersdicate this expansion trend is increasing
with largera value. Hence, for gas-filled model the width o&koleats will be highly
improved by the stimulation of sub-wave and fogéra value the improvements
higher.

4.3 Model three: solid-filled cleat
4.3.1 Wave propagation field
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Figure 14.1. Solid-filled model with 0° incident weaangle, ¥ component represent
the energy lost of trapped energy at interfacesledt model in 2D (Unit: X 10?2
m/s). (a) t=2.32x18s, (b) t=2.45x10s,
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Figure 14.2. Solid-filled model with 0° incident waangle, ¥ component represent

the energy lost of trapped energy at interfacedesft model in 3D. (a) t= 2.32x?8,

(b) t=2.45x10s

As a commonly filled medium for coal cleats, cadias been used as the property of
cleat model. Figures 14.1 shows the wave propagasivapshot of solid-filled

medium and indicate that there is no obvious en&@yping effect for interface!

and( 1. This conclusion also can be observed from Figlide® that compare with the
water-filled or gas-filled model at the same timeps the wave energy on the
interface of the solid-filled model already lefetmterface.

4.3.2 SE parameter measurement
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Figure 15. For solid-filled model, th8E parameter variation at interface and ]

with differento values

Figures 15(a) to (g) foSE parameters also suggest that the energy at the mai
interfaces of model rapidly decaying after the &edawne. For large incident angle
cases, as the circles in Figures 15(e) and (ijfl@a &amount of energy can be trapped
for a very limited time and linearly decay to zeHence compare with water-filled
and gas-filled models, the energy trapping at thiel snodel is much smaller for the

above cases.




5. Conclusions

Acoustic stimulation is tested in both laboratongldield to enhance the permeability
of coal reservoirs, its mechanism is till poorlydenstood mostly due to the
complicities from the heterogeneous fractured cuaterial itself and its dynamic
interaction with incident waves especially alongleat/fracture inside a coal. As an
alternative approach of existing experiment apgmpaihe staggered-grid finite
differential method (FDM) is extended and appliedl simulate the acoustic
stimulation process of coal, and the following dasmns can be drawn:

(1) The dynamic information along the cleat/fracturéeifaces and its relationship
with the transient permeability are analysed. Theas wave energySE and
variable width of cleatlW) are successfully introduced and applied to evalua
the acoustic stimulation effects. This forms theotietical basis for numerical
investigation of acoustic stimulation of coal.

(2) Coal cleats and their filled media significantlyfeats the stimulation results. A
coal sample with a cleat/fracture filling with difent media of air, water, and
weak minerals is successfully simulated and andly3de simulation results
indicate that such mechanical vibration resultsnfithe energy trapping ability of
coal cleats. This ability is highly affected by ttypes of filled media (e.g. gas,
water, or weak rocks); its existence allows thesptaf damages to be produced
around coal cleats and improve the permeabilityhigily depends on the cleats
and their filled media. For a water or gas-fillddat, the wave energy is trapped at
its interfaces and linearly losing the energy &esy low rate. This effect makes
the cleat model trough a long period of mechanidaldation, and can eventually
enhance the permeability by producing physical dpsraat the cleat’s
neighbouring areas under constant acoustic stimolatHowever, for a
solid-filled cleat, the trapping effect is much di@mathan that with a fluid-filled
cleat, so the effectiveness of permeability enhianeee is compromised.

(3) The stimulation results also highly depend on tiedent waves. The sensitivity
analysis of the energy trapping and dynamic vamabf fracture width for the
cleat/fracture subjected to different incident wsaae numerically conducted.
Simulation results suggest that the larger incidergles to the cleat orientation
are, the larger width of coal cleat, which conttdsumore to the permeability
enhancement of acoustic stimulation.

Overall, the mechanical vibration effects that rmadily observed from the

experiments are mainly caused by the energy trgpgffiect. Such effect is crucial for

acoustic stimulation to produce physical damagearat coal cleats and enhance the

permeability of fractured coal samples, but itesysensitive to the coal property (i.e.

cleats and filled media) and incident wave anglds numerical simulation could

help in obtaining the optimised parameters of skatmon process through the related
sensitivity analysis.
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Highlights:

® A theoretical explanation for acoustic stimulation induced mechanical vibration
effect and coal permeability enhancement.

® Numerical modeling for interface wave field scattering in 3D.
® Mathematical description of wave energy trapping effect at cleat/fracture

® Accurately investigated width change for cleat/fracture under wave field



