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Although coal-gas interactions have been comprehensively investigated, fewer studies consider the impact of
thermal effects. In this study, a fully coupled model of coal deformation, gas transport, and thermal transport
is developed and solved using the finite element method. A general model is developed to describe the
evolution of coal porosity under the combined influence of gas pressure, thermally induced solid deformation,
thermally induced gas adsorption change, and gas-desorption-induced solid deformation. This porosity-
evolution relationship is implemented into a fully coupled model for coal deformation, gas transport, and
thermal transport using the finite element (FE) model. The FE model represents important nonlinear
responses due to the effective stress effects that cannot be recovered where mechanical influences are not
rigorously coupled with the gas and the thermal transport systems. The controlling effects of gas pressure,
temperature and gas sorption on these nonlinear responses of coal porosity and permeability to gas
production are quantified through a series of simulations. It is found that the gas-desorption-induced
deformation is the most important factor that controls these nonlinear responses. In this work, among the
factors such as thermal expansion of solid and gas, and convective heat flux, in addition to the thermal
diffusion, the heat sink due to thermal dilatation of gas is most prominent factor in altering the temperature of
coal seam. This conclusion demonstrates that the thermal impact on coal-gas interactions cannot be
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neglected especially where the temperature is high.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Advances in our understanding of coal-gas interactions have
changed the manner in which we treat coalbed methane: from
mitigating its dangers as a mining hazard to developing its potential
as an unconventional gas resource recovered as a useful by-product of
CO, sequestration. Coal deposits contain gases (mostly methane) in
significant quantities which may be recovered by desorption and
subsequent transport in cleats to satisfy safety needs in mining,
recovery of methane as an energy resource or as a sequestration target
for the disposal of carbon dioxide. Gas migration in coal seams is one
of the most important factors that result in coal and gas outbursts
(Litwiniszyn, 1985; Lama and Bodziony, 1998). In this regard,
improved solutions, including the prediction of gas emission, the
design of the most suitable panel and pre-drainage systems, further
optimization of post-drainage systems and other methods for the
control of gas emissions during mining operations are essential to
predict and prevent the coal and gas outbursts (Noack, 1998). Coalbed
methane is also a significant natural energy resource although
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effective recovery requires that the coal permeability is sufficiently
high to allow effective recovery. This is not always the case, as in China
where permeability is often too low (Scott, 2002) and methods of
permeability enhancement must be considered, either through stimu-
lation or as a natural consequence of methane recovery and related
coal shrinkage and permeability augmentation (Creedy, 1991).

From the 1970s onwards there has been a growing interest in the
production of coalbed methane as a fuel. This has now evolved from a
little-known resource with high operational costs to a competitive
mainstream natural gas resource (Ayers, 2002). At the end of the
1980s, this industry searched for methods to enhance production. The
successes of Enhanced Oil Recovery (EOR) gave the coalbed methane
industry the idea that gas injection could also be successfully applied
in unmineable coalbeds to enhance coalbed methane (ECBM)
recovery (van Bergen et al., 2006). Two main benefits can be obtained
from ECBM that includes the injection of a displacing gas. One is to
increase production rates of methane and to thereby shorten the time
to return on investment; the other is to mitigate increasing con-
centrations of carbon dioxide in the atmosphere to thereby reduce
effects of global climate change (Gunter et al., 1997; Metz, 2005;
Reichle et al., 1999).

When coal is recovered by mining, or fluid recovered or injected,
the geothermal equilibrium in the subsurface system is disturbed. As a
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result of this disturbance, complex interactions of stress and physical
chemistry are affected by thermal transport (e.g., Han et al., 2010).
Quantification of this interaction between coal and gas, particularly
with the influence of production-induced temperature changes,
defines the objective of this study.

1.1. Factors affecting coal seam permeability

Gas migration in coal seams is a process associated with coal seam
deformation, gas slippage and absorption-induced matrix shrinkage of
coal, as well as thermal transfer. To properly account for the response,
these coupled processes bust be evaluated together, to evaluate
appropriate feedbacks within this complex and interactive system.
This problem is complex because the related physical processes are at
PVT (pressure, volume and temperature) conditions where feedbacks
between physical process and activation of chemical effects are strong
and nonlinear. There are a variety of interactive effects.

Effective stress is the first and probably most important factor that
influences the evolution of gas permeability in coal seams. An increase
in gas pressure results in a decrease in effective stress, which in turn
results in the dilation of coal cleats and in a concomitant increase in
coal permeability (Zhu et al., 2007). Second, gas slippage and coal
matrix shrinkage have significant influences on the permeability of
coal. However, this feedback is complex, and increases in pressure
also induce swelling and may cause a reduction in permeability (Izadi
et al., 2011)—the behaviors are complex. Gas slippage (Klinkenberg)
effects are shown to be significant (Harpalani and Schraufnagel, 1990;
Harpalani and Chen, 1997) as are the influences of elastic and
swelling-induced dilation on permeability (Shi and Durucan, 2001).
This is exacerbated in the presence of fluids such as CO, with a
preferential affinity over methane for the coal media. With regard to
CO, injection for ECBM recovery and CO, sequestration in coalbeds,
volumetric strain due to CO, sorption in coal seam was at least 1.5
times higher than from methane. In this respect differential swelling
as aresult of CO, injection can also cause profound changes in fracture
porosity and permeability with significant implication for ECBM
recovery (Mazumder and Wolf, 2008). Finally, temperature is also a
key factor controlling coal deformation and gas migrations especially
when underground mining and coal seam gas exploration goes
deeper.

1.2. Thermal effect on the gas flow

Geothermal gradients in the subsurface sometimes exceed the
normal 25 °C/km resulting in potentially high temperatures at
shallow depths. Temperature is a key factor in modulating deforma-
tion and gas migration in coal. First, the thermal stress at depth may
change the in situ stress conditions thereby altering permeability.
Second, the PVT conditions of coalbed gas are sensitive to the in-situ
temperature. And third, and most importantly, temperature is a key
factor controlling the absorption or adsorption and related desorption
of gas to the coal seam.

High temperature favors the existence of gas in a free state rather
than as sorbed to the matrix. At higher temperatures the Langmuir
constant decreases, resulting in a lower initial slope of the isotherm
(Bustin and Clarkson, 1998). Levy et al. (1997) found that for
Australian coals a linear decrease in methane adsorption capacity of
0.12 m3/ton per 1 °C-increase in temperature occurs over a temper-
ature range of 20-65 °C at a pressure of 5 MPa. If the entire coal
surface was homogeneous such that each potential sorption site had
the same heat of adsorption, then the Langmuir volume would be the
same regardless of temperature (Brunauer, 1943). However, sorption
capacity decreases with an increase temperature, indicating that the
geometry and number of potential sorption sites also changes with
temperature. This explains why coal sorption isotherms change shape

with increasing temperature; in general, the Langmuir volume
decreases and the Langmuir pressure increases (Scott, 2002).
Successful prediction of the response of coal seams to production
relies on understanding the interaction of these complex factors. The
potentially strong feedbacks between processes results in modeling
being the only practical method of following the response. Currently,
most models have ignored the influence of temperature on the
response of the coal seams to gas recovery. In this study, we define
this chain of reactions, trigged by coal mining, coalbed extraction, or
CO,, injection, as “coupled multiphysics” implying that one physical
process affects the initiation and progress of another. The individual
processes, in the absence of full consideration of cross couplings, form
the basis of very well-known disciplines such as elasticity, hydrology
and heat transfer. Therefore, the inclusion of cross couplings is the key
to rigorously formulate the coupled multiphysics of coal-gas interac-
tions. Here we develop new cross coupling relations between coal
porosity and mechanical, hydrological, chemical and thermal volu-
metric strains under conditions of variable stress. The cubic relation
between porosity and permeability is then introduced to relate coal
storage capability (changing porosity) to coal transport characteristics
(changing permeability) also under conditions of variable stress.
These two relations are the key cross couplings that couple the
multiphysics of coal-gas interactions under variable temperatures.

2. Governing equations

We develop the mathematical representation for the coupled
thermal transport, gas flow and geomechanical response to gas flow in
coal. Necessary relations include the enforcement of conservation of
momentum, mass and energy with appropriate constitutive laws for
fluid and heat transport and for stress and deformation. There is no
explicit representation in the model of any additional fracturing be-
cause the formulations are based on a representative element volume
(REV) within the coal seam.

2.1. Mechanical equilibrium

The coal seam is assumed to behave as a linear elastic medium
relative to anticipated changes in stress, as induced by methane
production. Temperature changes may induce changes in porosity,
which is directly analogous to matrix shrinkage in coalbeds where
porosity increases as gas desorbs during drawdown (Palmer and
Mansoori, 1996). The sorption-induced strain is approximated by
treating the swelling/shrinkage of the coal matrix as equivalent to
thermal contraction/expansion. In this regard, the constitutive
relations for a nonisothermal gas-desorbing coalbed can be expressed
in terms of the total stress oy (positive for tension), strain &, pore gas
pressure p (negative for suction), temperature change T, and
volumetric matrix shrinkage strain & induced by gas desorption
from coal as

2Gv -
O-,] = ZGSU + mgkk()l]_apﬁl]_I(OLTTSI]_I<S$61]7 (1)

in which Gis the shear modulus (Pa), vis the drained Poisson's ratio, &; is
the Kronecker delta defined as 1 fori=jand 0 fori#j, K (=2G(1+v)/3
(1—2v)=E/3(1 —2v)) is the drained bulk modulus of the medium, o
is the coefficient of volumetric expansion of the bulk medium under
constant pore pressure and stress (K™!), and the parameter c(<1) is
Biot's coefficient, which depends on the compressibility of the con-
stituents and can be defined as
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where K; is the effective bulk modulus of the solid constituent (Pa), and
the effective stress is defined as 0};= 0y + apd;;.

The macroscopic volumetric matrix shrinkage strain & induced by
gas desorption from coal is assumed to be proportional to the content
of absorbed gas as (Cui and Bustin, 2005; Durucan et al., 2005)

&5 = Oy Vg, 3)

where Vi, is the content (m> kg™") of absorbed gas (see Eq. (10)) and
i, is the coefficient of sorption-induced volumetric strain (kg m~—3).
Based on Eq. (1), the volume strain is

1 _

6= (0 +ap) + 0T + g, (4)

where €, =& + &, + &3 is the volumetric strain of the coal matrix and
0= %(01 + 03 + 03) is the mean stress.

Using compact notation, the equations of equilibrium and the

strain-displacement relations can be expressed as

0y +F=0 (5)
and

1
&j= 5 (ui.j + Uj,i): (6)

respectively, where F; and u; (i=x,y,z) are the components of the net
body force and displacement in the i-direction. Based on Eqs. (1) and
(6), amodified Navier equation may be derived via Eq. (5), in terms of
displacement under a combination of changes of applied stresses,
pore gas pressures, and temperature as

G
Gujjj + ——5-Uj;i—op;—

—5- Koy T;—

Keg; + F; = 0. (7)

In the absence of pore gas pressure, temperature gradients and
desorption-induced matrix shrinkage strain &, Eq. (7) reduces to the
classical Navier equations for an ideal elastic solid.

2.2. Gas flow

The coal seam is composed of a solid matrix that contains
interstitial pore space filled with a freely diffusing pore gas. The
absorption or desorption of gas may occur when the gas pressure and
porosity of the coal seam are changed.

Gas flow in a porous medium is governed by a mass balance equation

I 49 (pyas) = Q. ®)

where p, is the gas density (kg-m™3), qy is the Darcy velocity of the
gas phase (m-s~'), Qs is a source term (kg-m>-s~!) related to
injection through local injection/production wells, t is the time (s),
and m is the methane content (kg-m ), including free-phase gas and
absorbed gas, and is defined as

m= qug + pgapcvsg ®)

where ¢ is the porosity, pg, is the gas density at standard conditions
(kgm™3), p. is the coal density (kg'm~3) and Vi, is the content
(m>3-kg™!) of absorbed gas. The first and second terms on the right-
hand side of Eq. (9) represent the content of free-phase gas and
absorbed gas, respectively.

Based on the Langmuir isotherm under different temperature, the
gas absorption volume Vi, is defined as (Liang, 2000)

_ Vip
Vie = p+P

exp|— (T + T—T,)|, (10

1+cp

where V; and P; represent the Langmuir volume constant (m>kg—!)
and Langmuir pressure constant (Pa) at temperature Ty, respective-
ly, where T, is the absolute reference temperature in the stress-free
state (K), T; is the reference temperature for the desorption/
adsorption test of gas (K), (Ts+T) is the temperature of the coal
seam (K), ¢, is the pressure coefficient (Pa~!), and ¢, is the
temperature coefficient (K™ 1).

The ideal gas law is used to describe the relation between gas
density, gas pressure and temperature as

— Mg 11
Pg = va (11)

where pj is the gas density (kg- m™—3), p is the gas pressure (Pa), Mg is
the molecular weight of the gas (kg-mol™!), R is the universal gas
constant (J- mol~'-K~") and T, is the absolute reference temperature
in the stress-free state (K).

Based on Eq. (11), the gas density at standard condition pg, can be
expressed as

M,p
— gra
pga - RTa

(12)

where p, and T, are the pressure (Pa) and temperature (K) of gas at
standard conditions.

Assuming that the effect of gravity is small in comparison to the
induced pressure gradient, the Darcy velocity, q, is given by

k
q; = —ﬁvp (13)

where k is the permeability of the coal (m?) and u is the dynamic
viscosity of the gas (Pa-s). Substituting Eqs. (9)-(13) into Eq. (8), we
obtain

%f(ﬂ,LDPJ"b(T +T)8t ‘f’P(Ta,lr)z%f
ﬁexp( m(r+rar4))g’[’
+‘%ZVL ﬁexp( 1+CpT+T,,, T[> 132 (T+T,— )g_‘t’
_ﬁex( 1+CPT+T‘" ) lfclpat

170 pk 6p+6 pk 0p -0
il (@ r3) * & ()| =@

(14)

As previously defined (Zhang et al., 2008; Detournay and Cheng,
1993; Cui and Bustin, 2005), the general porosity model is expressed as

d$p = +(a=)(d0 + dp). (15)

=| =

Considering the initial state with a mean compressive stress within
the coal seam of Gy, the pore pressure of pg, and the porosity of ¢, the
integration of Eq. (15) yields

Je, add’ = ¢ (2 do + [i.dp). (16)
and
& = (=) exp{ —  [0-00) + (P—po)l}. a7)
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Substituting Eq. (4) into Eq. (17) yields

b = a—(a—dy) exp{— [(&, + %—SS—OLTT>—<8V0 + %—sso—aTT())] },
(18)

where the subscript ‘0’ denotes the initial value of the corresponding
variables.
Based on Eq. (18), the differentiation of ¢ with respect to t results in

%‘f = —(a—dy) exp{—[(ﬁv + %—SS—OLTT>—(8\/0 + %—Sso—o‘TTO)]}

Oe, 10p 0 0T
X[_<W+KE Bt “T&)]’
o (O, 10p 0  OT
= "”X[ (W Kot ot “Tﬁ)]

(19)

3

ot

where
Eq. (3):

can be expressed as follows when substituting Eq. (10) into

Py ) _ dp
(0 + P)? exp( 1+ ClP(T+Tar Tt)) ot

O¢,
a—; =gV x| +

op
ot |’

(S1Y]
(1 +c¢ip)?
c, OT
w2 90
1+c¢pot

o +P) (T+Ty—Ty)
p

exp(f = <T+Tarm)

(20)
In addition, the coal permeability is assumed to vary with porosity as

k= ko(d/bo)’, (21)

where ky is the coal permeability at a stress-free state (m?), and k is
permeability corresponding to porosity ¢.

Considering abs[— (&, +p/Ks—&—a7T)]<1 and according to
Eq. (18), the simplified expression for porosity can be defined as

b= o + (a—=¢o)[(&y + P/ K—&—0rT)=(8y + Po/ Ks—250—trTo)].
(22)

In this respect, the simplification from Eqs. (18) to (22) does not
incur a large error, but it does significantly simplify the analysis. In this
work, nevertheless, this simplification is never adopted because
Eq. (18) can be easily handled during the numerical simulations.

Substituting Eqs. (19) and (20) into Eq. (14) yields the governing
equation for gas flow through a coal seam with gas sorption and
thermal effects included as

1 (a—d)p]dp [ ¢p pla—d)oy] T
T, + 1) [d’ TR } ot [(Tar +T2 (T +7) ] ot
+ papCVL _ (a_d))pasgVL
Ta Tar + T

Py ) _ dp
(p+P,_)zexp< 1+C]p(T+Tar T[))W

p G [$1%) ap

— T+T,—T))—2 (T +T,—T,)=

+(p+PL)eXp< TFep! Tl ‘))(1+c1p)2( T =T
p c ¢, OT
— — T+T,~T,))—2——
(p+PL)EXp< 1+clp( tlar ‘)>1+c1pat

M, (T +T) 0t "

1[6( pk Bp) i 0 < pk ap)] R 0— plo—¢) Og,

S plox\(T, + T)ox)  dy \(T,, + T)dy

(23)

where ¢ and k are still variables that will be substituted with Egs. (17)
and (21), respectively, in the numerical analysis.

2.3. Energy conservation

By neglecting the thermal-filtration effect, the total heat flux qr is
given by

ar = — My VT + pgCoQy(Ty + T), (24)

Ny = (1=d)As + PN, (25)
where q; is thermal flux [J-s~'-m™2)], p; is the mass density of the
gas (kg-m™2), C, is the gas specific heat constants at constant volume
(J-kg~'-K™"), g, is the Darcy velocity as expressed in Eq. (13), and
Am, As and A, are the thermal conductivities of coal, solid (rock) and
gas components [J-s~'-m~!-K™1)], respectively. The first term on the
right-hand side of Eq. (24) is the heat flux transmitted by conduction in
the fluid-solid mixture, which is given by Fourier's law; the last term on
the right-hand side of Eq. (24) represents the convective heat flux (the
transport of enthalpy by gas flow through the pores). Due to the
assumption of thermal equilibrium between the fluid and solid phases,
thermal balance over an REV can be expressed in terms of a single
equation neglecting the interconvertibility of thermal and mechanical
energy (Biot, 1956; Tong et al., 2010; Zhou et al., 1998), which reads

0[(pC)y(Tyr + T) ' o, |
% + (Tyr + TtV G + (T + DKo 5 = =V

(26)
(PO = d(peCs) + 1=d)(p:Cy), (27)

where (pC)y, is the specific heat capacity of the gas-filled solid medium,
ps is the mass density of the rock matrix (kg-m~—>), and Cgand C;are the
gas and solid specific heat constants at constant volume (J-kg™!-K™1),
respectively. K, is the bulk modulus of the gas (Pa) and o (g =1/T) is
the thermal expansion coefficient of the gas under constant pore
pressure and stress (K™ "). As defined by Tong etal. (2010), K, =p (in Pa)
and o, =1/T (in K™ 1).

The first term on the left-hand side of Eq. (26) represents internal heat
energy change rate per unit volume due to temperature change. The
second term represents a heat sink due to thermal dilatation of the gas.
The last term represents a heat sink due to thermal expansion of the
medium. For a small variation of temperature (the temperature changes T
are small compared to the absolute ambient temperature), T, + T~ Ty,
and this term is identical to that given by Biot (1956). The second and
third terms on the left-hand side of Eq. (26) represent the thermopor-
oelastic coupling in the heat energy balance equation (Zhou et al., 1998).

Assuming constant specific heats (C; and C;) and thermal
conductivities (As and Ag) then substituting Eqs. (24), (25) and (27)
into Eq. (26) yields

or 0[(1— (dp,
(pC)ME + G(T, + T)% + C(Tyr + 1) (atg) + (T + K0,V (g

+ (T, + T)KaT% = AyV2T + \V(1=¢) VT + N,V VT
_pgqgcgv(Tar + T)_Cg(Tar + V- (pgqg)‘
(28)

As given by Zhou et al. (1998), the conservation of mass of the two
phases in the REV yields

[(1—d)ps] _
S =0 (29)
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0
)<

Based on Eq. (18), the differentiation of ¢ with respect to the
spatial coordinates x, y and z yields

Vo = (a—¢) <st + Klvp—()LTVT>

_ —0,V; o
€16p(T + Ty —Ty) &P Py }
Vp— VT +
B { (1+¢p)? P71 +Gp p+p vp

Substituting Eqs. (11), (12), (13), (29), (30) and (31) into Eq. (28)

yields

oT k 0Og,
(POugy = (Tar + TRyt ¥ (ﬁVp) + (Tyr + T)Koy

PgaPTCy k
Pa(Ter + Tt
L

—0, Y
+ (—xs + xg)<a—¢> x5 fPL ex

x [Clczp(T + Ty =Ty
1+ ap?

=Ny V2T + var+( N + xg)(a—d;) (VSVVT+ levr—aTVTvr)
S

Py T + 71

9P o1yt +

VPVT=337¢ ap p+F

var}

(32)

Eqgs. (7), (23) and (32) constitute a set of fully coupled nonlinear
equations governing the thermoporoelastic response of gas flow in a
saturated coal seam. The equations account for the multiphysics of
this work, including thermodynamically coupled heat and mass
transfer, mechanical and thermal compressibility of the constituents,
and most importantly convective heat flow.

Considering (1 —¢)As>>pAg and Ay = (1 —d)A;= A, Eq. (32) can
be simplified as

aT k oe,
(PO —(Tar + TKyoty V- (pr) (Tyr + T)Kay 5 = = \yV°T
PeaPTCy Kk
—= — ° __VpVT
PulTy + TP (33)

Different physical processes generally progress at different rates.
Thermal processes are rather slow due to the high heat capacity of the
solid; gas processes progress relatively faster in fractures and
significantly slower in the intact solid. The propagation rate of elastic
stresses may be treated as spontaneous when compared with these
timescales.

The above governing equations, especially the gas flow equation
and energy conservation equation are nonlinear second-order partial
differential equations (PDEs) in space and first order in time. These
equations are not easy to solve theoretically due to the nonlinearity in
both the space and time domain, therefore they are implemented into
COMSOL Multiphysics (COMSOL, 2008), and solved by the finite
element method.

3. Numerical simulation on gas drainage

A representative model geometry is shown in Fig. 1, containing a
wellbore with the diameter of 0.1 m set centrally within a
100 mx 100 mx5 m domain. The external boundary is restrained
from boundary-normal displacements and insulated for gas and thermal
transport. The initial gas pressure in the coal seam p (t=0)=3.0 MPa,
and the initial value of the temperature increment T (t=0) =10 K. For
the wellbore, gas pressure p,, = 0.1 MPa, temperature T,, =0 K. Other
related parameters used in the numerical simulations are listed in

o ol o o e o

ap/ay=0i dT/dy=0 A
pt=0)=3MPa | :i
$ Tt=0)=10 K Ep =(0.1 MPa
' T,=0K
33_8._._.8_.: _________ @ ________ .._A_ ______ :i g
prox=0 =0 | |2
ZhC L aTiax=0 [
YL apray=0orsay=0 Y
RO

N

Fig. 1. Model setup for a centrally located gas production well within a square reservoir
block.

Table 1. Furthermore, the coal seam is assumed to be in a state of plane
stress (with no change in elastic stress in the vertical direction), and
quasi-static mechanical equilibrium.

A total of four scenarios (scenarios [, II, Il and IV as listed in Table 2)
are simulated in order to examine the effect of gas pressure,
temperature, and gas adsorption on the response of the coal seam.
Specifically, the term ap in Eq. (4) is studied in scenario I to investigate
the effect of gas pressure on the deformation of the coal matrix. Scenario
Il supplements scenario I, where the term o4T is accommodated to
study the effect of temperature change on matrix deformation. Scenario
III focuses on the effect of temperature on gas adsorption defined in
terms of the Langmuir relation exp[ e = (Tar +T— Tt)}.Scenario I\%
examines the effect of gas desorption on the matrix deformation
term, &.

Furthermore, five scenarios, V-IX as listed in Table 3, are defined to
clarify the effect of coal seam deformation and gas flow on thermal

Table 1
Parameters used in the numerical simulation.

Variable Parameter Value Unit

E Young's modulus of coal 2713 MPa

Eg Young's modulus of coal grains 4070 MPa

v Poisson's ratio of coal 0.339

Pe Density of coal 125x103 Kg-m~>

Pga Density of methane at standard condition 0.717 Kg-m~>

Qg Coefficient for sorption-induced 0.06 Kg-m—3
volumetric strain

bo Initial porosity of coal 0.01

ko Initial permeability of coal 1x1071° m?

u Methane dynamic viscosity 1.84x107° Pa-s

Vi Langmuir volume constant 0.043 m3-Kg~!

Py Langmuir pressure constant 1.57 MPa

C Pressure coefficient 0.07 MPa~!

C Temperature coefficient 0.02 K1

To Absolute reference temperature 300 K

T, Reference temperature for desorption/ 300 K
adsorption test of gas (K)

Qs Source term 0 kg-m 357!

ar Volumetric thermal expansion of the 24x107°  K7!
solid matrix coefficient

As Thermal conductivity of coal 0.2 J-/(m-s-K)

G Specific heat capacity of coal 125x10°  J/-(kg-K)

Cy Specific heat capacity of gas 1.625x10° ]/ (kg-K)

Pa Pressure at standard condition 0.101325 MPa

T, Temperature at standard condition 273 K
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Table 2
List of four simulation scenarios to examine the effect of gas pressure, temperature, and
gas adsorption on coal seam deformation.

Scenario Scenario Scenario Scenario
[ 11 111 v

Effect of gas pressure on matrix N N N v
deformation, term ap

Effect of temperature change on matrix v v
deformation, term oy T

Effect of temperature on gas adsorption, N
term exp[—l—flm(Tm + T—T,)}

Effect of gas desorption on matrix
deformation, term &

2

transport. This utilizes the simplified term (Section 2.3) Apy= (1 — p)As +
¢Ag as A in the energy conservation equation. The fidelity of this
simplification is examined.

3.1. Evolution of coal porosity

3.1.1. Comparison between Scenarios I and Il

Compared with the gas-pressure-induced porosity changes of
scenario I alone, the change of porosity in scenario Il is caused by both
the gas pressure and temperature gradients. The distribution of
porosity and gas pressure radially outwards from the wellbore under
scenarios I and II are shown in Fig. 2.

As shown in Fig. 2, the initial porosity at the wellbore is a little
lower than ¢q due to the effect of the boundary condition. At 20 m
from the wellbore in scenario I the porosity has a slight reduction
(about 2%) (i.e., ¢/po=0.978) at t =1e10 s, compared with the initial
condition (¢/dpo=1) resulting from the compaction of the coal seam
due to an increase in effective stresses during gas drainage. To the
contrary, the relative porosity at t=1el10s in scenario I (¢/
$o=0.986), is slightly increased relative to that in Scenario I,
denoting the minor increase of porosity due to the temperature
gradient. As can be seen from Eq. (18), the effect of temperature
increase on porosity is opposite to that of the gas pressure. However,
as time elapses, for example, at t = 1e8 s, gas pressures under the two
scenarios are similar, which confirms that the temperature-induced
porosity (or permeability) variation has only a minor influence on gas
flow.

The coal seam expands with the elevation in temperature,
however, because deformation is restrained due to confinement of
the external boundary, the resultant compressive stress and strain to
reduce the permeability of the coal seam. With the progress in gas
drainage, temperature of the coal seam declines gradually, abating the
temperature-induced effect and leading to an increase in permeability
of the coal seam.

Table 3
Five scenarios considered in the numerical simulation in order to examine the effect of
coal seam deformation and gas flow on thermal processes in coal.

Scenario Scenario Scenario Scenario Scenario

\% VI Vil VIII IX
Heat diffusion, simplified N
term Ay =As
Heat diffusion, term v v v <
Am= (1 _d’))‘s+d’)\g
Heat sink due to thermal N N N

dilatation of the gas, term
(To + T)Kg0tg V" éVp

Heat sink due to thermal v v
expansion of solid medium,
term (To + T)Kop %

Convective heat flux, term J
LultG 7+ (kpVp)
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Fig. 2. Variation of porosity and gas pressure with distance from the wellbore wall
under scenarios [ and II.

3.1.2. Comparison between Scenarios Il and IIl

Variations of porosity and gas pressure with distance from the
wellbore under scenarios Il and III are shown in Fig. 3. At the same
time (for example, t=1e8 s) the relative porosity (¢/¢o) in scenario
Il is smaller in comparison to that in scenario II, as is also the gas
pressure. Since the effect of porosity on gas pressure is minor, as
discussed in Section 3.1.1, the difference in gas pressure between
scenarios Il and IIl originates in the temperature-induced gas
desorption. The initial gas pressures are identical for these two
scenarios, but gas contents are not. For gas flow within the coal seam,
gas content, considered as a source term in Eq. (23), may vary with
absorption or desorption of gas from coal seam. Due to the reduction
in gas content caused by the temperature increase, the initial gas
content in scenario Il is lower than that in scenario Il even though the
initial gas pressures are identical.

As shown in Fig. 4, the accumulative gas production curves for
scenarios I and II overprint, indicating that the effect of temperature
change on the matrix deformation does not change gas production. By
contrast, the difference between scenarios II and III are distinct. Even
though the two curves are overprinted in the interval between t=1e5 s
and t=1e7s, they are separated after t=1e07 s, reflecting that the
production in scenario Il is lower than those in both scenarios I and II.
This explains why the gas pressure in scenario III is lower than that in
scenarios I and IL.

Similar to Fig. 4, the gas recovery curves of scenarios I and II also
overprint in Fig. 5. However, it is noticeable that the gas recovery in
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Fig. 3. Variation of porosity and gas pressure with distance from the wellbore under
scenarios Il and IIL.

scenario III is greater at the beginning of gas drainage (before
t=1e10s), but becomes lower after t =1e10 s than that in scenarios I
and IL
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Fig. 4. Gas production from the coal seam until t=1e11 s under scenarios I, Il and III.
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Fig. 5. Gas recovery rate from the coal seam until t=1e11 s under scenarios [, Il and IIL

As shown in Fig. 6 the temperature in scenario III is higher than
that in scenario II, indicating that temperature decline slows down
after the gas drains from coal seam. This actually reflects the effect of
gas flow on thermal transport, which will be detailed in the next
section.

3.1.3. Comparison with Scenario IV

Fig. 7 indicates that coal porosity changes significantly during gas
production when the desorption-induced matrix deformation is taken
into account in scenario IV. Therefore, the effect of the desorption-
induced deformation on porosity is the most prominent factor
compared to those of gas pressure (Scenario I) and temperature
gradient (scenarios Il and III). In contrast to the porosity decrease with
gas drainage in scenarios Il and III, the desorption-induced matrix
deformation considered in scenario IV results in a porosity increase. If
this effect is not considered, as for scenarios I, I and III, the opposite
tendencies are predicted. This indicates that it is important to consider
the gas-desorption-induced deformation in order to correctly predict
gas flow.

When a higher gas pressure of 8 MPa is applied as the initial
condition for the model shown in Fig. 1, the porosity variation with
gas drainage is shown in Fig. 8. It is found that the porosity variation in
scenarios I, Il and Il retains its original trend; however, the porosity in
scenario IV declines with gas drainage until a gas pressure of about
2.5 MPa and then increases. Based on Eq. (22), it is apparent that the
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Fig. 6. Variation of temperature with time at different distances away from the wellbore
under scenarios II and III.
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Fig. 7. Variation of porosity at point A (25 m from the wellbore) during gas drainage in
scenarios I, II, 1l and IV.

porosity change is dependent on four components. These are volumetric
strain ¢,, gas-induced fluid deformation p/K;, desorption-induced
volumetric matrix strain &, and thermal expansion oT. Fig. 8 (b)
shows the response of these four components in contributing to the

(a) Variation of porosity at Point A in
Scenarios I, I, TIT and TV
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(b) Four components affecting the porosity at
Point A in Scenarios IV
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Fig. 8. Variation of porosity at point A (25 m from the wellbore) in scenarios [, II, Ill and

IV when the initial gas pressure is specified as 8 MPa.

porosity change. Their contributions to the porosity change vary
distinctly, i.e., volumetric strain &, never significantly affects the
porosity; gas-induced solid deformation p/K; induces a linear decline
in porosity; both desorption-induced volumetric matrix strain & and
thermal expansion oT induces increasing porosity, although the thermal
expansion-induced porosity is slight. Altogether, porosity first decreases
during gas drainage reaching a minimum at a gas pressure of about
2.5 MPa and then rebounds to a magnitude close to its initial value.

3.2. Effect on the thermal transport

As shown in Fig. 9, due to scenarios V and VI, the temperature
distributions are overprinted, indicating that the simplification as
stated in Eq. (33) is feasible if the thermal transport is described as
due the thermal diffusion only. In these two scenarios (V and VI), at
t=1e10s, the temperature decreases by only 1.2 K at the position
that is 50 m away from the wellbore wall. By contrast, if the heat sink
due to thermal dilatation of the gas is also taken into account (in
scenario VII), at t=1e10s and in the same position, a temperature
decrease of 2.8 K is predicted. Excepting this, the temperature curves
in scenarios VIII and IX almost overlap with that for scenario VII,
indicating that the effects of solid deformation and convective heat
flux is so small that they can be neglected. Therefore, under the
conditions considered in this study, in contrast to other factors that
are taken into account, the heat sink due to thermal dilatation of the
gas (termed as (Tp + T)Kyo V- {—ij) in Eq. (32)) is the most
prominent factor in altering the temperature of the coal seam. In this
regard, the temperature variation as shown in Fig. 6 is the
comprehensive contribution of all the above-mentioned factors.

4. Conclusions

A fully coupled model representing coal deformation, gas transport
and thermal transport is developed and implemented. The model is
applied to examine the complex coal-gas interactions under variable
temperatures. Based on the results of a series of numerical simulations
under different scenarios, the following conclusions are drawn:

(1) A general porosity model is proposed to represent coal seams,
which accommodates the influences of gas pressure, thermally
induced solid deformation, thermally induced gas adsorption
and gas-desorption-induced solid deformation. The model can
characterize the evolution of porosity during fully coupled gas
flow, geomechanics and heat transfer processes. Under the
boundary and initial conditions specified in this work, the gas-
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Fig. 9. Variation of temperature at different distances away from the wellbore under
scenarios V, VI, VIl and VIIl at t=1e10's.
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desorption-induced deformation is more salient than the other
three factors in affecting the porosity.

(2) In this work, among the factors of thermal expansion of the
solid and the gas, convective heat flux, in addition to the
thermal diffusion, the heat sink due to thermal dilatation of gas
is the most prominent factor in altering the temperature of the
coal seam. In this respect, the temperature variation is the most
comprehensive contribution of all above-mentioned factors.

In this respect, in order to evaluate gas flow correctly and to clarify
the mechanisms associated with coupled coal-gas interaction during
gas flow in coal seams, it is of paramount importance to take the all
the related factors into account in the numerical simulations. It should
also be noted that, in this work, the coal seam is still assumed elastic.
The effects of mining-induced damage, as well as its contribution to
fully coupled processes, remain to be quantified.
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