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Coal adsorption/desorption gas can cause temperature changes. Moreover, the pressure difference between the high gas pressure
area and the low gas pressure area in the coal may affect the coal adsorption/desorption gas thermal effect. To study the effect of
adsorption/desorption thermal effect on the evolution law of coal and gas outburst precursor information under different pressure
differences, the adsorption/desorption thermal effect experiments were carried out. And the thermo-hydro-mechanical coupling
model was established, which reflects the interaction between coal and gas. Under the action of ground stress, pore pressure,
adsorption expansion stress, and thermal expansion stress, the model includes the dynamic evolution of coal porosity and
permeability, gas adsorption-desorption-diffusion-seepage, and energy accumulation and dissipation. Using the coupling model,
the mechanism of adsorption/desorption thermal effect on the evolution of outburst precursor information and the mutual
coupling relation between coal and gas is analyzed. The experimental results show that the relation between pressure difference
and coal sample temperature variation is linear, and the pressure difference has a quadratic parabolic relation with the tem-
perature accumulation of coal sample. As the pressure difference increases, the temperature variation of the coal sample gradually
increases, but the temperature accumulation gradually decreases. Numerical simulation results show that as the pressure dif-
ference increases, the changes in coal temperature and gas pressure gradually decrease, and the thermal expansion strain caused by
the adsorption/desorption thermal effect decreases, and the permeability increases. Comparing the calculation results with or
without the adsorption/desorption thermal effect, the volumetric strain, temperature, and permeability of the coal have significant
changes when the adsorption/desorption thermal effect is considered, and the gas drainage volume increases as the pressure
difference increases. The effect of thermal expansion strain caused by adsorption/desorption thermal effect on gas seepage is
greater than the effect of temperature change on gas seepage.

1. Introduction

Coal and gas outburst is a complex dynamic disaster in the
process of coal mining. In recent years, most of the major
safety accidents in China’s coal mines are caused by the
abnormal gas outflow and the coal and gas outburst. Coal
and gas outburst has always been a serious threat to coal
mine safety production and has become a major issue that
needs to be solved urgently in coal mining [1-5]. As the
mining depth increases, the in situ stress, temperature, and
gas pressure of the coal seam increase and the permeability
decreases. The interaction mechanism of coal and gas under
the coupling action of stress field, seepage field, and

temperature field is more complicated, and the temperature
field has become an important research target [6-9].
Meanwhile, the pressure difference between the high gas
pressure area in front of the working face and the low gas
pressure area near the coal wall is an important parameter to
control the outburst strength of coal and gas. Moreover, the
adsorption/desorption thermal effect may be different under
different pressure differences [10-13].

To study the characteristics of coal adsorption/desorption
gas thermal effect, the influence of adsorption/desorption
thermal effect on the interaction of coal and gas, and the
evolution law and mutual coupling relation of coal and gas
outburst precursor information under multifield coupling,
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scholars have carried out a lot of research work and estab-
lished multifield coupling model suitable for a variety of
complex situations [14-17]. Coal releases heat during the
process of gas adsorption and absorbs heat during the process
of gas desorption [18-20]. Jacek [21] gave a calculation
method of the maximum volume of work which can be
performed by a gas while being liberated from a coal bed.
Rahman [22, 23] reported the theoretical frameworks for the
thermodynamic quantities for the adsorption of methane
onto various carbonaceous materials. Temperature variation
causes deformation, and deformation generates heat, which
causes temperature variation. Liu [24] proposed the thermal
deformation effect of adsorption—desorption on the basis of
the molecular migration and energy conversion during the
adsorption—-desorption. At present, multifield coupling is a
hot research target [25-28]; the fields of coalbed methane
extraction, shale gas extraction, coal and gas outburst pre-
vention, and nuclear waste treatment all involve thermo-
hydro-mechanical coupling issues [29, 30]. Thararoop [31]
believed that existing coal bed methane (CBM) simulators
usually treat the coal seam as a dual pore and single per-
meability system, ignoring the influence of water in the coal
matrix. The model includes the influence of moisture in the
coal matrix and the shrinkage and expansion of coal. Con-
sidering the competitive effects of thermal expansion, non-
isothermal gas adsorption, and thermal fracturing, Teng [32]
established a fully coupled thermo-hydro-mechanical model
of coal deformation, gas flow, and heat transfer. Zhu [33] uses
the finite element method to establish and solve a fully
coupled model of coal deformation, gas transport, and heat
transport. A general model was established to describe the
evolution of coal porosity under the combined influence of
gas pressure, thermally induced solid deformation, thermally
induced gas adsorption changes, and solid deformation
caused by gas desorption. Zhou [34] proposed a coupled
thermal pore elastic model, which considers the compress-
ibility and thermal expansion of the convective heat flow of
the components, as well as the changes in the porosity and
related characteristics of the saturated soil. The model also
considers the thermodynamically coupled water and heat
flow. Fall [35] gave a detailed formula for coupling moisture
and gas transmission in deformable porous media is given.
This model takes into account the fluid flow under damage
control and the coupling of hydraulic and mechanical pro-
cesses. The model also considers the coupling of diffusion
coefficient and mechanical deformation and considers the
changes in capillary pressure caused by changes in perme-
ability and porosity. To analyze the influence of gas desorption
on gas outburst, An [36] established a mechanical process
model in the process of gas migration and tunneling. The
study understands the influence of absorption shrinkage and
mechanical changes on the protrusion. Tao [37] carried out
physical simulation experiments on coal and gas outbursts
and established a thermo-hydro-mechanical coupling model
of gassy coal.

In summary, the existing research did not use experi-
ments to analyze the influence of coal adsorption/desorption
gas thermal effect on the evolution law of outburst precursor
information. In addition, there are few quantitative studies
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on the influence of adsorption/desorption thermal effect on
the interaction between coal and gas. Using the self-designed
coal and gas thermo-hydro-mechanical coupling experiment
system and the cyclic-step adsorption/desorption experi-
ment method, the temperature change of coal adsorption
and desorption gas under different pressure differences was
discussed. Based on the experimental results, a thermo-
hydro-mechanical coupling model of gassy coal with the
adsorption/desorption thermal effect was established, and
the model is solved by COMSOL Multiphysics. Comparing
the calculation results with or without the adsorption/de-
sorption thermal effect, the effect of the adsorption/de-
sorption thermal effect on the evolution law of precursor
information and the effect of it on the mutual coupling
relation between coal and gas were studied.

2. Materials and Methods

2.1. Experimental System. To study the temperature evolu-
tion law of coal adsorption/desorption gas under different
pressure differences, an experiment system of coal ad-
sorption and desorption gas was designed. The device used
in this experiment is to add a thermostat and a standard tank
to the original device. The experimental device is shown in
Figure 1.

2.2. Coal Samples and Experimental Methods. The coal
sample used in the experiment was taken from the Xinjiang
Coal Mine of Yangquan Coal Group, which belongs to a high
gas outburst mine. The 3# coal seam is the outburst coal seam.
Obtain coal sample with the size of 40 cm x40 cm x 60 cm
from the tunneling head and send it to the laboratory after
being sealed and packed underground. Use a cutting machine
to cut the coal sample into a square specimen with a size of
5cm x 5cm x 10 cm, and then smooth it with a grinder. The
basic parameters of the coal sample are shown in Table 1, and
the prepared coal sample is shown in Figure 2.

The author designed a coal cycle-step adsorption/de-
sorption gas experiment. The experimental method is shown
in Table 2. The initial charging pressure is 0.4 MPa, and the
pressure difference is 0.2 MPa, 0.4 MPa, and 0.6 MPa. The
initial pressure of the desorption experiment is the maxi-
mum adsorption equilibrium pressure of the adsorption
experiment, and the ambient temperature is maintained at
30°C during the experiment.

2.3. Experimental Procedures. The experimental process is
shown in Figure 3. The initial gas pressure is the same. After
each adsorption equilibrium, the pressure is increased by the
same pressure difference until the target pressure is reached.
And then the pressure is reduced by the same pressure
difference to the minimum pressure.

Step 1. Check the air tightness of the device, install the
sample, connect the temperature measurement system
and the gas pressure measurement system, turn on the
thermostat, adjust the temperature of the thermostat to
30°C, and start the data logger.
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FiGure 1: The schematic diagram of gas adsorption and desorption
experiment system. a: pressure vessel, b: pressure-reducing valve, c:
vacuum, d: gas collection, e: pressure gauge, f: incubator, g:
standard tank, h: coal sample, i: adsorption/desorption, j: needle
valve, k: pressure regulator, 1: hydraulic pump, m: data recorder,
and n: computer.

TaBLE 1: Basic parameters of coal sample.

Industrial Adsorption
parameters parameters Gas pressure
Coal
Mad Ad Vdaf VL P (MPa) (MPa)
%) (%) (%) (m’/r) "*
Anthracite 1.19 6.31 825 34.76  0.6521 1.3-2.6

FIGURE 2: Coal sample.

TaBLE 2: Experimental method.

Gas pressure

difference Gas pressure loading path (MPa)

(MPa)

0.2 04—06—>08—>10—12—14—1.6
' 14—12—10—08—0.6<—04

0.4 04—08—>12—>16—>12-—08—04

0.6 04—10—16—>10—04

Step 2. Debug the triaxial stress loading system to adjust
the axial pressure and confining pressure to pre-
determined values.

Step 3. Connect the high-pressure gas cylinder to the
experimental system.

Step 4. Turn on the vacuum pump to vacuum degas the
gas pressure loading system.

Step 5. Carry out coal adsorption gas experiment.
Adjust the pressure reducing valve at the outlet of the
high-pressure gas cylinder to the required pressure
value so that the pressure of the standard tank reaches
the predetermined value. After the gas pressure in the
standard tank is stable, the gas in the standard tank is
sent to the adsorption/desorption device for continu-
ous adsorption for 12 hours. Record temperature and
pressure data.

Step 6. Carry out coal desorption gas experiment. After
the adsorption experiment is cycled to the target
pressure, the gas pressure in the adsorption/desorption
device is reduced with an equal pressure difference, and
the desorption is continued for 12hours. Record
temperature and pressure data.

Step 7. Repeat steps 5 and 6 to adjust the gas pressure
difference to 0.2 MPa, 0.4 MPa, and 0.6 MPa.

2.4. Results

2.4.1. Temperature Variation during the Process of Gas
Adsorption. Figure 4 shows the comparison of adsorption
experiment results under different pressure differences.
Under the same pressure difference, the temperature vari-
ation of coal sample decreases during the step adsorption
process. As the gas pressure difference increases, the tem-
perature variation of coal sample caused by each pressuri-
zation gradually increases, and the temperature
accumulation decreases. During the adsorption, the tem-
perature change of the coal sample increases with the in-
crease of the pressure difference.

2.4.2. Temperature Variation during the Process of Gas
Desorption. Figure 5 shows the comparison of desorption
experiment results under different pressure differences.
Under the same pressure difference, the temperature vari-
ation of coal sample decreases during the desorption. As the
gas pressure difference increases, the temperature variation
of coal sample caused by each pressure drop gradually in-
creases, and the temperature accumulation decreases.
During the desorption, the temperature change of the coal
sample increases with the increase of the pressure difference.

2.4.3. Change Law of Temperature Accumulation of Coal
Sample. To further analyze the relation between the pressure
difference and the temperature accumulation of coal sample,
the curve in Figure 6 was fitted. The fitting equation is shown in
Table 3. It can be seen from the figure that the temperature
accumulation first increases with the increase of gas pressure
and then tends to be flat, showing a trend of quadratic parabolic
change. As the pressure difference increases, the temperature
accumulation gradually decreases. When the pressure differ-
ence is constant, the temperature accumulation during the
adsorption is slightly greater than that during the desorption.

3. Multifield Coupling Model and
Governing Equations

Coal adsorption/desorption gas is an important part of the
mutual coupling relation between coal and gas. The coal
adsorption/desorption gas will be accompanied by the ab-
sorption and release of heat. Therefore, when scholars es-
tablish the thermo-hydro-mechanical coupling model of
coal and gas, the adsorption/desorption thermal effect has
been studied as an important coupling relation [38-42].
Compared with previous research results, scholars have not
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FIGURE 4: Temperature variation during the gas adsorption.
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FIGURE 5: Temperature variation during the gas desorption.

introduced the adsorption/desorption thermal effect into the
coupled model from the experimental perspective, and there
is no new research progress on the influence of adsorption/
desorption thermal effect on the interaction between coal
and gas. Based on the experiments of coal adsorption/
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FIGURe 6: Change law of temperature cumulative amount of coal
sample.

TasLE 3: Fitting equation of change law of temperature accumu-
lation of coal sample.

Curve Fitting equation R?

A T= —0.9256p2 +3.22083p — 0.65857 0.99884
B T= —0.93155p2 +3.20774p — 0.67429 0.99868
C T = -0.23437p* + 1.48125p — 0.0575 0.99955
D T= —0.25p2 +1.495p — 0.08 0.9997
E T= —0.1805p2 + 1.1527p + 0.0677 0.9999
F T= —0.2083p2 +1.19167p + 0.03667 0.9999

desorption gas thermal effects with different pressure dif-
ferences, this paper explores the influence of adsorption/
desorption thermal effects on the temporal and spatial
evolution of outburst precursor information and the mutual
coupling relation between coal and gas. Using the theory of
continuum mechanics, the laws of static force balance, the
mass conservation, and the energy conservation, considering
the mutual influence of each physical fields, the thermo-
hydro-mechanical coupling model of coal and gas is derived.

3.1. Model Hypothesis. The thermo-hydro-mechanical cou-
pling of coal and gas is an extremely complex physical
process. The establishment of mathematical equations and
the convenience of numerical calculations require certain
simplified assumptions. This article uses the reasonable
assumptions and laws established by the predecessors to
propose the following assumptions:

The deformation of the coal is small, and the coal is in the
linear elastic deformation stage, which obeys the generalized
Hooke law.

The effective stress change of the gassy coal skeleton
follows the modified Terzaghi effective stress law.

The seepage law of gas in coal seams conforms to
Darcy’s law.
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The adsorbed gas in the coal obeys the Langmuir ad-
sorption equilibrium equation, and the free gas obeys the
real gas state equation.

The coal is full of single-phase gas.

At the same point, the temperature of gas and coal are
equal.

The inertial force and volume force in the process of gas
seepage and coal deformation are negligible.

3.2. Dynamic Porosity and Permeability Models for Gassy Coal.
Compression deformation and adsorption expansion de-
formation caused by ground stress and gas pressure and
thermal expansion deformation caused by temperature
changes will cause the coal skeleton to deform. As the buried
depth of the coal seam increases, the temperature, ground
stress, and gas pressure will change significantly, and coal
porosity is also in a process of dynamic change [43-47].
According to the basic assumptions, the porosity of coal can

be defined as
E:VPO+AVP:1_(1_¢O)<1+%>) (1)
l1+e Vo

V. Vg +AV

¢ =

where V is the coal skeleton volume, AV is the change of
coal skeleton volume, Vj is the pore volume, AV is the
change of pore volume, ¢, is the initial porosity, e is the
volume strain, AV is the change of total coal volume, and V'
is the total coal volume.

The volumetric strain increment of coal particles is
mainly composed of three parts. AV¢/V, is the strain in-
crement caused by the pore gas pressure compressing coal
particles. AV/Vg, is the strain increment caused by the
expansion of coal particles during gas adsorption. AV ¢/Vg,
is the strain increment caused by thermoelastic expansion.

We obtain the porosity equation expressed in terms of
effective stress and adsorption thermodynamic parameters:

1-¢, 2pRATaKyln (1 +bp)
l1+e 3V, (1= ¢y)

$p=1- <1+ocTAT—KYAp+
(2)

In addition, it is assumed that the coal permeability and
porosity satisfy the following relation [48]:

¢ 3
k=kyl— |- 3
(2) ®

Therefore, the permeability equation can be expressed as

P ) 2pRATaKyIn(1+bp)\ 1’ (4)
el tee 3V, (1= ¢0) ’

(1 +apAT = KyAp +

where k, is the initial permeability.

3.3. Deformation of Gassy Coal. The continuous solid me-
dium will produce stress and strain under the action of
external force. According to the basic assumption, the
stress—strain relation can be expressed as [49, 50]

1 1 1
¢ =5 % (5 )0 ®

where ¢;; is components of strain tensor, 0;; is components
of stress tensor, G is shear modulus, and K is bulk modulus.

The temperature change will cause the expansion or
contraction of the coal and produce thermal strain. Under
the assumption of isotropy, the linear thermal expansion

strain can be expressed as

& = ! arAT, (6)
3
where AT is temperature change and & is the coefficient of
volume thermal expansion of coal.

For coal with free gas, according to the porous linear
elastic mechanics and the principle of effective stress, the
linear compression strain caused by gas pressure is expressed
as

K
£, = - ?YAp, (7)

where Ky is volume compressibility and Ap is gas pressure
change.

After coal adsorbs gas, the surface tension of coal par-
ticles decreases, and the coal will expand. On the contrary,
after coal desorbs gas, the coal will shrink [51]. Therefore, the
linear adsorption expansion strain caused by coal particles
adsorbing gas is expressed as

_ 2pRaKyAT

ey oy In(1+bp), (8)

m

where p is the density of coal, R is the universal gas constant,
a is the limit adsorption capacity per unit mass of coal at
reference pressure, b is the adsorption equilibrium constant
of coal, and V, is the gas molar volume.

Total strain includes strain caused by external force, pore
compression strain caused by free gas, adsorption expansion
strain, and thermal expansion strain under the coupling
action of stress, gas pressure, and temperature, which can be
expressed as

1 11 1 Ky
% =36 % ~ (g o )i+ 3 0T8-S 8ty

2pRTaKy
+ v In(1+0bp)d;;.

m

(9)

According to the elasticity theory and the revised ef-
fective stress formula, the effective stress can be expressed by
the balanced differential equation:

0ii +(ocp8ij)’j+F,- =0. (10)

Strain component and displacement component accord
with Cauchy’s equation:



(i,j=1,2,3). (11)

1
&j =5 (”zzj + “j,i)’

According to the strain-stress relation, an equation
expressing stress with strain can be derived:

2Gy (31 +2G)
O'ij = 2G£ij + E Exk ij ~ f “TATSij
(3L -2G) (31 + 2G)2pRTaKy,
S B29) e aps, - v In(1+bp)3,,
(12)

Substituting equations (11) and (12) into equation (10),
we obtain the improved form of Navier’s equation expressed
in displacement:

Gv 30+ 2G 30 -2G
Gui,ij + T2 Ujji = 3 (xTAT,j - KyAp;
31 + 2G)2pRTaK
_ (34 +2G)2pRTa YIn(1+bp), +ap; +F, =0.
W, AR

(13)

3.4. Gas Flow in Coal. The ideal gas equation only applies to
gases at low pressure and high temperature. The com-
pressibility of real gas and ideal gas is different. Therefore,
real gas cannot simply be regarded as ideal gas. Gas can be
regarded as an incompressible fluid under the conditions of
low pressure difference, low flow rate, and small temperature
difference. The state equation of gas in coal seam is usually
expressed as

Mp

_ 14
A (14)

where p,, is the gas density, M is the gas molecular weight, T
is the absolute temperature of the coal seam, M/R is the gas
constant of specific gas, and Z is the compression factor.

Assuming that the gas seepage in the coal seam conforms
to Darcy’s law, and the gravity effect is ignored, the gas
seepage velocity can be expressed as

k

= - -VP, (15)
4y "

where g, is Darcy’s flow rate, k is permeability, VP is the gas
pressure gradient, and u is the dynamic viscosity coefficient
of gas.

P(1-¢o)

2pRTaKyIn (1 + bp)
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Coal is composed of solid framework and pores. The
pores are filled with freely diffusing gas. Changes in gas
pressure, temperature, or pores will cause gas desorption or
adsorption and then cause gas seepage in the cracks. The
mass conservation equation of gas seepage in coal can be
expressed as

om
5V (pyds) = Qo (16)
where Q; is the source and sink and m is the gas content.

Gas content includes free gas and adsorbed gas [52].
Assuming that free gas is an ideal gas, the gas content of coal
can be expressed as

Mypa  Vip
RT, P‘“'p +P;

a (17)
m=¢—=p+
$ =T P

where p, is the density of coal, M is the molar mass of gas,
P, is the gas pressure under standard conditions, and T, is
the temperature under standard conditions.

The first derivative of the gas content equation can be
expressed as

a_m_Mgpa_¢+Mg¢a_P_ Mgpa VP, 0p Mgyp¢oT
ot RT ot RT ot "“RT, (p+P,)> 0t RT* ot
(18)

Substituting equations (14), (15), and (18) into equation
(16), we have

9 [ s_PePViPL\Op p OT o [k _
Pat+<¢ (p+PL)2>at T" ot v HpVP =0
(19)

The derivative of porosity with respect to time is
expressed as

9p _ 1-¢, B 2pRTaKylIn (1 +bp) \ de
e G I ENL
1= b0 . 2pRaKyIn (1 + bp) B_T
Tre \*T 3V, (1-¢)) ot
~ (1-¢o)Ky 2pRTab ap
l+e 3V, (1=¢y)(1+bp) ) ot

(20)

Substituting equation (20) into equation (19), we have

LS <ocTAT ~KyAp+

(1+e)? 3V, (1= ¢)

%_P(l_%)(%_’_

2pRaKyIn(1+bp) ¢\oT
ot l+e

W, (1-¢) T)ar
(21)
2pRTab

1+e

. <¢_PcpaVLPL_p(1 —¢0)KY<

(P+PL)2

op k 3
3Vm(1—¢0)<1+bp>‘1>>at_v'<upvp> -
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To simplify equation (21), we define some parameters as

de oT
Cl = C3 g + C4 a,
C,=(¢ _PPViPL p(1-¢o)Ky 2pRTab _1
2 (p+P,) l1+e 3V,,(1-¢,) (1 +bp) ’

:P(l_%)( AT - K, A w>
ERRTEP I s AR T

C, - p(1—¢y) (aT . 2pRaKyIn (1 + bp) . ¢)

l+e 3V, (1-¢y) T)
(22)
Therefore, the equation (21) is simplified to
0 k
C1+CZaIt)—V-<#pVP>:O. (23)

Equation (23) is the governing equation of gas seepage in
coal seams.

3.5. Heat Transfer Equation. If the heat filtering effect is
ignored, but the heat convection effect is considered, the
constitutive equation of heat conduction can be expressed by
Fourier’s law as

where g is heat flow through fluid and solid media, A, is
thermal conductivity of coal, A, is thermal conductivity of
coal particles, A, is thermal conductivity of gas, and C; is
constant volume heat capacity of gas.

Assuming that the heat balance between the solid and the
fluid is maintained, the heat balance equation on the
characteristic unit body can be expressed as [53]

((pC)yT) de
5 +TK 0,V -q,+ TKayp FTi =V.qr +Qy» (26)

(PO = $(pyCy) + (1= ) (,C,), (27)

where (pC),, is the overall heat capacity of the porous
medium, p, is density of coal skeleton, C, is constant volume
heat capacity of coal matrix, K is bulk modulus of gas, «, is
the volumetric thermal expansion coefficient of gas under
constant pore pressure and stress, and Qy, is the heat caused
by coal adsorption/desorption gas.

The first term on the left-hand side of equation (26) is the
change rate of internal energy per unit volume caused by
temperature change. The second term represents the heat
dissipation due to the thermal expansion of the fluid. The
third term represents the heat dissipation due to the thermal
expansion of the coal matrix. The right-hand side represents
the overall heat flow of fluid and solid medium [34].

Substituting equations (24), (25), and (27) into equation

qr = AuVT +p 9Ca9 7T (24) (26), according to the assumption of small deformation and
the law of conservation of mass, it is further simplified as
Myt = (L= @, + ¢, (25)
a(T) k de PgaPTaC k
(PO, = TK ;¥ - (y vp) +TKay = = Ay V2T + % VT - ;VP + Q- (28)

Equations (13), (23), and (28) constitute an equations’ set
describing the interaction between coal and gas, which
considers the coupling among the stress field, seepage field,
and temperature field. The solid mechanics module, PDE
module, and solid heat transfer module of COMSOL
Multiphysics can be used to solve the coupled model.

3.6. Cross-Coupling Relations. Figure 7 shows the cross-
coupling relation between coal deformation, gas seepage,
and temperature changes. The stress changes the porosity
and permeability of the coal and then affects the seepage
process of free gas. The change of free gas pressure causes gas
adsorption or desorption and causes the coal to expand or
contract. The increase of temperature promotes the de-
sorption of adsorbed gas and accelerates the seepage rate of
free gas. The adsorption and desorption of gas is accom-
panied by the absorption and release of heat. Heat con-
vection and internal energy dissipation in the process of gas
seepage speed up the heat transfer. The temperature change
produces thermal strain, which causes the coal to expand or
contract. The deformation of coal is also accompanied by the
storage or release of deformation energy [54, 55].

The temperature change during coal and gas outburst
includes two aspects: coal temperature rise in process of coal
rupture and coal adsorption. Gas desorption and gas ex-
pansion lead to lower coal temperature. According to the
assumption of linear elasticity, the temperature change
during coal and gas outburst can be expressed as

AT = AT, + AT, + AT, (29)

where AT, is temperature drop caused by gas expansion,
AT, is temperature drop caused by gas desorption, and AT,
is temperature rise caused by gas adsorption.

According to the experimental results of coal adsorp-
tion/desorption gas thermal effect under different pressure
differences, the energy change caused by coal adsorption/
desorption gas can be expressed as

Qy = Cup (AT, + AT;). (30)

As the increase of temperature, the amount of adsorbed
gas in the coal seam gradually decreases. According to the
experiment results, the relation between adsorption constant
and temperature is fitted.
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Adsorption-desorption thermal: Q;, = C,p. (AT, + AT;)
FIGURE 7: Cross-coupling relations and the basic THM governing equations.
a=-0.0112(T - T,)* +0.61114(T — T,) + 27.0211, shown in Figure 8. The model has a width of 570 mm and a
(31)  height of 365 mm. Boundary conditions of stress field: the
b=-0.037(T - T,) +2.2735. : ; .
upper boundary applies a vertical force of 4 MPa; the right
boundary applies a horizontal force of 2.4 MPa. The left and
4. Model Validation lower boundaries are roller supports. Boundary conditions

To verify the rationality of the thermo-hydro-mechanical
coupling model established in this paper, based on the
physical simulation experiment of coal and gas outburst
carried out by scholars, the numerical simulation study on
the change law of gas pressure and temperature of coal in the
aeration stage was carried out [37]. The geometric model is

of the seepage field: the upper, left and right boundaries are
zero flux, the lower boundary has a constant gas pressure of
1 MPa, and the initial gas pressure is 0.1 MPa. Boundary
conditions of the temperature field: the temperature around
the model is constant at 293 K, and the initial temperature is
also 293 K. Point A is the gas pressure monitoring point, and
point B is the temperature monitoring point.
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The numerical calculation results and experiment results
are shown in Figure 9. The experiment results showed that
the gas pressure at point A remains unchanged for the first
8seconds in the initial inflation stage, and then the gas
pressure increases rapidly. After inflation to 110s, the gas
pressure reaches 1 MPa. The temperature at point B in-
creases rapidly after the start of inflation. After inflating to
100, the temperature change rate decreases. The maximum
temperature measured in the experiment is 295.5K. Nu-
merical calculation results under different pressure differ-
ences show that the gas pressure at point A remains
unchanged for the first 10seconds in the initial inflation
stage, and then the gas pressure increases rapidly. After
inflation to 110s, the gas pressure reaches 1 MPa. The gas
pressure changes under different pressure differences are the
same, and the change variation is small. After the inflation
starts, the temperature at point B increases rapidly. With the
increase of the pressure difference, the maximum temper-
ature is 297.3K, 296.0K, 295.5K. The temperature change
decreases as the pressure difference increases. The calculated
result with a pressure difference of 0.6 MPa is close to the
experimental result. The temperature change rate measured
in the experiment after the start of inflation is greater than
the numerical calculation result. According to the analysis,
under the assumption of small linear elastic deformation, the
energy released by coal deformation is small and the fric-
tional heat of coal particles is ignored in numerical calcu-
lation. The difference in temperature changes under different
pressure differences will be analyzed below.

Comparing the experimental results and the numerical
calculation results, it is found that the numerical solution
and the experimental solution are in good agreement. In
summary, the thermo-hydro-mechanical coupling model of
coal and gas can be used to simulate the evolution of pre-
cursor information during the preparation stage of coal and
gas outburst.

5. Numerical Simulation and Discussion

Numerical calculations are carried out based on the thermo-
hydro-mechanical coupling model of coal and gas, which
considers the adsorption/desorption thermal effect. Com-
paring the calculation results with or without the

adsorption/desorption thermal effect, the influence of the
adsorption/desorption thermal effect on the evolution of
coal and gas outburst precursor information is analyzed, and
the mechanism of the adsorption/desorption thermal effect
on the mutual coupling relation between coal and gas is
studied.

5.1. Geometric Model. The geometric model is shown in
Figure 10. Model includes coal seam, coal seam roof, and
coal seam floor. Designed working face and gas drainage
borehole in the coal seam: the size of the roof and floor of the
coal seam is 43 m x 25m x 2 m. The size of the coal seam is
43 m x 25m x 3 m. The width of the working surface is 5 m.
The working face surface is 5m from the left boundary. The
gas drainage borehole is 5 m away from the coal wall of the
working face, the borehole diameter is 0.094m, and the
borehole depth is 20 m. The working face and the outside of
the coal seam are free spaces, which can be regarded as
exposed coal walls. Stress field boundary conditions: the
upper boundary of the coal seam roof is subjected to a
vertical uniform load of 9.8 MPa, the working face and the
coal wall are free boundaries, the other boundaries around
the model are supported by rollers, and the lower boundary
of the coal seam floor is a fixed displacement. Boundary
conditions of the seepage field: there is no gas flow between
the coal seam and the rock, the initial gas pressure of the coal
seam is 1.3 MPa, the gas pressure of the coal wall is 0.1 MPa,
the suction pressure of the borehole is 14kPa, and other
boundaries have no flow. Boundary conditions of temper-
ature field: there is no heat transfer between coal seam and
rock layer, the initial temperature of coal seam is 292.4 K, the
temperature of coal wall is 291.15K, and other boundaries
are zero flux. Along the advancing direction of the working
face, a monitoring line is arranged in the coal seam. The
parameters required for numerical calculation are shown in
Table 4.

5.2. Simulation Results and Discussion

5.2.1. Evolution Law of Precursor Information without Ad-
sorption/Desorption Thermal Effect. Figure 11 shows the
distribution characteristics of the stress, gas pressure, and
temperature of the coal in front of the working face and near
the coal wall in the roadway without the adsorption/de-
sorption thermal effect. The stress on the bottom of the
working face is the smallest, and the coal walls on both sides
and roof are stress concentration areas. As shown in Fig-
ure 12, the stress concentration area in the coal in front of the
working face is 0-28.41 m, the gas discharge zone width is
10m, the maximum volumetric strain in the stress con-
centration area is —0.00628, and the maximum coal tem-
perature is 292.41 K. The coal temperature rises by 0.01 K,
and the minimum permeability is 8.83 x 107"*m?. The in-
crease in coal temperature without the adsorption/desorp-
tion thermal effect is caused by deformation energy. Under
the assumption of small linear elastic deformation, the
volumetric strain is small, and the coal deformation gen-
erates less heat. The location where the volumetric strain is
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FIGURE 9: (a) Gas pressure change and (b) temperature change curve during inflation.
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F1GURE 10: Geometry and boundary conditions for the coupled mechanical deformation, gas flow and heat conduction process in coal seam,

where gas flow and heat conduction apply only in the coal seam.

the largest has the smallest permeability. Coal deformation is
the result of the combined action of ground stress, ad-
sorption expansion stress, and pore compression stress.

5.2.2. Evolution Law of Precursor Information with Ad-
sorption/Desorption Thermal Effect. Figure 13 shows the
distribution characteristics of the stress, gas pressure, and
temperature of the coal in front of the working face and near
the coal wall in the roadway considering the adsorption/
desorption thermal effect under different pressure differ-
ence. As shown in Figure 12, when the pressure difference is
0.2 MPa, the stress concentration area in the coal in front of
the working face is 0-32.05 m, the width of the gas discharge
zone is 13 m, the maximum volume strain is —0.00637, and
the maximum coal temperature is 296.05K, the coal tem-
perature rises by 3.65 K, and the minimum coal permeability
is 8.41 x 10" m? when the pressure difference is 0.4 MPa,
the stress concentration area in the coal in front of the
working face is 0-29.47 m, the width of the gas discharge

zone is 12 m, the maximum volume strain is —0.00632, and
the maximum coal temperature is 294.39 K, the coal tem-
perature rises by 1.99 K, and the minimum coal permeability
is 8.60 x 10" m? when the pressure difference is 0.6 MPa,
the stress concentration area in the coal in front of the
working face is 0-28.52 m, the width of the gas discharge
zone is 11 m, the maximum volume strain is —0.00630, and
the maximum coal temperature is 293.24 K, the coal tem-
perature rises by 0.85 K, and the minimum coal permeability
is 8.73 x 107" m?. The gas pressure difference increased from
0.2 MPa to 0.4 MPa, the maximum difference in gas pressure
was 10023 Pa, the increase in coal temperature decreased by
1.66 K, and the permeability increased by 1.94 x107*°m”.
The gas pressure difference increased from 0.4 MPa to
0.6 MPa, the maximum difference in gas pressure was
5002 Pa, the increase in coal temperature decreased by
1.14 K, and the permeability increased by 1.26 x 10> m”. As
the increase of the gas pressure difference, the width of the
gas discharge zone decreases, and the temperature elevated
amount and change rate of the coal temperature gradually
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TaBLE 4: The parameters used for gas migration in coal seam.
Variable Parameter Value Unit
E Young’s modulus of coal 2.56x10° MPa
v Poisson’s ratio of coal 0.12
Pe Density of coal 1400 kgm™
R Universal gas constant 8.3143 Jmol ' K
Vo Gas molar volume 22.4x107° m>-mol ™!
0N Initial porosity of coal 0.0436
ko Initial permeability of coal 1.77x107*® M?
T, Initial temperature 2924 K
Po Initial gas pressure of coal 1.3 MPa
7 Methane dynamic viscosity 1.087x107° Pa-s
Pga Density of gas at standard condition 0.717 kgm ™
Pa Pressure at standard condition 0.101325 MPa
Vi Langmuir’s volume constant 0.03476 m’kg™!
P, Langmuir’s pressure constant 0.6521 MPa
T, Temperature at standard condition 273 K
ar Volumetric thermal expansion of the solid matrix coefficient 0.000116 K
A Thermal conductivity of coal particles 0.443 Jm s K
C, Specific heat capacity of gas 2.16 kJkg ' K
C, Specific heat capacity of coal 1.26 kJkg ' K!
4676107 A 13%10° 4292
x107 x10° )
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FIGURE 11: Stress, gas pressure, and temperature distribution without adsorption/desorption thermal heat. (a) Stress. (b) Gas pressure. (c)

Temperature.

decrease. The deformation energy and the adsorption/de-
sorption thermal effect cause the coal temperature to change.
The higher the temperature, the greater the volumetric strain
and the lower the permeability. The extreme point of vol-
umetric strain and permeability overlaps with the position
where the extreme point of temperature appears. Within the
range of 0-10 m in front of the working face, near the ex-
treme point, temperature has a more obvious effect on
volumetric strain and permeability. Within 10m from the
working front, the variation range of volumetric strain is
mainly controlled by ground stress, and the influence of
temperature is relatively small.

5.2.3. Effect of Adsorption/Desorption Thermal Effect on the
Mutual Coupling Relation between Coal and Gas.
Figure 12 shows the influence of the adsorption/desorption
thermal effect on the evolution of precursor information in
the preparation stage of coal and gas outburst. Comparing the
research results with or without the adsorption/desorption
thermal effect, it is found that the adsorption/desorption
thermal effect have obvious effects on coal gas pressure,

temperature, volumetric strain, permeability, and other pa-
rameters. Comparing the evolution law of gas pressure,
temperature, volumetric strain, and permeability of coal in
front of the working face without the adsorption/desorption
thermal effect, the temperature change caused by the ad-
sorption/desorption thermal effect is larger, and the coal
temperature increase is 3.64K, 1.98K, and 0.84K; the ad-
sorption/desorption thermal effect has little effect on coal gas
pressure, and the maximum difference of gas pressure is
20285 Pa, 10596 Pa, and 5600 Pa; the adsorption/desorption
thermal effect has a great influence on the volumetric strain of
coal, and the increase in volumetric strain of coal is 9 x 10™>,
4x107°, and 2x107% the adsorption/desorption thermal
effect has an obvious influence on permeability, and the
decrease in permeability is 4.21 x 107%°m?, 2.27x107°m?,
and 1.01x107?°m’ The location where the gas pressure
difference is the largest is about 1.5 m in front of the working
face, where the slope of the gas pressure curve is the largest,
and the temperature change is the largest. Therefore, the effect
of thermal expansion strain caused by adsorption/desorption
thermal effect on coal permeability cannot be ignored. The
thermal expansion strain caused by the temperature change in
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FIGURE 12: Gas pressure, permeability, temperature, and volume strain distribution along the monitoring line with or without adsorption/
desorption heat. (a) Gas pressure. (b) Temperature. (c) Volume strain. (d) Permeability.

the preparation stage of coal and gas outburst leads to the
decrease of coal permeability and increases the outburst risk.

Figure 14 shows the change law of gas pressure, per-
meability, and temperature in the coal and gas drainage
volume around the borehole with or without the adsorption/
desorption thermal effect. Figure 14(b) shows that the
temperature change is obvious within the influence range of
the borehole. The temperature change near the borehole wall
is large, and the farther away from the borehole, the smaller
the temperature change. As shown in Figure 14(d), the
maximum gas drainage volume is 964 m’ without the ad-
sorption/desorption thermal effect. As the pressure differ-
ence increases, the gas drainage volume increases gradually,
and the maximum gas drainage volume of a single hole is
888 m’, 915m’, and 940m’. Comparing the calculation
results without the adsorption/desorption thermal effect, the

maximum gas drainage volume of a single hole is reduced by
76 m’, 49 m’, and 24 m’. Assuming that 1000 boreholes are
arranged in the working face, the maximum gas drainage
volume of a single hole is reduced by 7.6x10*m’
49%x10*m’, and 2.4x10*m’. With the increase of gas
pressure difference, the volumetric strain of coal decreases
and the permeability increases, which is beneficial to the
desorption of gas. On the contrary, the coal temperature
decreases with the increase of gas pressure difference, and
the decrease of temperature is not conducive to the de-
sorption and flow of gas. Analyzing the change law of gas
drainage volume in boreholes, it can be seen that the effect of
thermal expansion strain caused by adsorption/desorption
thermal effect on gas seepage is greater than the effect of
temperature change on gas seepage. In summary, the ad-
sorption/desorption thermal effect not only causes the coal
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FIGURE 14: Gas pressure, temperature, permeability distribution in the coal near the borehole, and gas extraction volume with or without
adsorption/desorption heat. (a) Gas pressure. (b) Temperature. (c) Permeability. (d) Gas drainage volume.

temperature change, but also has a greater effect on coal
seam gas seepage.

6. Conclusions

Based on the coal adsorption/desorption gas thermal effect
experiment, this paper established a thermo-hydro-me-
chanical coupling model of coal and gas considering the
adsorption/desorption thermal effect by analyzing the
mutual coupling relation among the stress, gas, and tem-
perature. The evolution of precursor information in the
preparation stage of coal and gas outburst is simulated with
or without the adsorption/desorption thermal effect, and the
effect of the adsorption/desorption thermal effect on the
mutual coupling relation between coal and gas is discussed.
The main conclusions are as follows:

(1) The relation between gas pressure difference and coal
temperature variation is linear. Under the same
pressure difference, the increasing range of the tem-
perature variation of the coal sample gradually de-
creases with the increase of the gas pressure difference.
The gas pressure difference has a quadratic parabolic
relation with the temperature accumulation of coal
sample. When the pressure difference is constant, the
decreasing range of temperature accumulation de-
creases gradually with the increase of gas pressure
difference. As the pressure difference increases, the
temperature variation gradually increases, but the
temperature accumulation gradually decreases.

(2) Based on the interaction between coal and gas, the
mechanical model reflecting the dynamic evolution
of porosity and permeability, gas adsorption-de-
sorption-diffusion, and energy accumulation and
dissipation was established with the adsorption/de-
sorption thermal effect.

(3) As the gas pressure difference increases, the changes
in coal temperature and gas pressure gradually de-
crease, the thermal expansion strain caused by the
adsorption/desorption thermal effect decreases, and
the permeability gradually increases. The evolution
law of coal temperature depends on the rate and
variation of gas pressure.

(4) Considering the adsorption/desorption thermal ef-
fect, the volume strain, temperature, and perme-
ability have significant changes. The gas drainage
volume increases significantly with the pressure
difference increases. The thermal expansion strain
caused by adsorption/desorption thermal effect has a
greater effect on gas seepage than temperature
change.
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