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Abstract: Heat treatment on shale reservoirs can promote the development of secondary fractures in
a matrix on the basis of hydraulic fracturing, forming multi-scale gas—-water seepage channels and
strengthening the gas desorption. Experimental evidence shows that heat treatment can enhance
gas recovery in the same mining life. Heat treatment on a shale gas reservoir is a multi-physical and
multi-phase coupling process. However, how the thermal stimulation interacts with nonlinear two-
phase flow in heterogeneous shale volume fracturing has not been clear. In this paper, a fully coupled
THGM model for heating-enhanced shale-gas recovery in heterogeneous shale reservoirs is proposed.
First, the governing equations are formulated for the shale-reservoir deformation involving both
gas adsorption and thermal expansion, the permeability evolution model for the cracking process of
fractured shale, the gas—water two-phase continuity equation considering the effects of gas solubility
and the heat transfer equation for heat conduction and convection. The interactions among stress,
temperature and seepage in a heterogeneous shale reservoir were studied. Secondly, a test on
shale permeability after 50 °C temperature treatment was conducted. The evolution of temperature,
capillary pressure, water and gas saturation and the permeability of shale during the heat treatment
of the reservoir were numerically analyzed. Finally, the gas production from a shale gas reservoir
was numerically simulated with this THGM model. The numerical results indicated that the thermal-
induced fracturing, gas desorption and separation from water make predominant contributions to
the evolution of permeability. The heat treatment can enhance cumulative gas production by 58.7%
after 27.4 years of heat injection through promoting gas desorption and matrix diffusion.

Keywords: shale reservoir; heat injection enhanced gas recovery; volume fracturing; permeability
enhancement; thermal-hydraulic-gas-mechanical coupling

MSC: 74A10; 74A15; 74A45; 76505; 76T10

1. Introduction

Hydraulic fracturing [1,2] is typically implemented to provide flow channels for
shale gas in conventional shale gas development, thereby, enhancing the shale reservoir
permeability. In the process of hydraulic fracturing, the change in effective stress of a shale
reservoir often causes deformation or new fractures in the rock mass and then increases the
density and spatial distribution of fractures system [3], thus, affecting the permeability and
pore mechanical properties of the shale reservoir [4].

Although hydraulic fracturing plays a certain role in improving the permeability of
shale reservoirs, it still has certain adaptability and limitations [5,6]. For example, clay
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minerals and organic matter in shale reservoirs experience water expansion, and the effect
of “volume transformation” formed by fracturing is poor. Hydraulic measures often lead to
difficulties in water drainage after entering a shale reservoir, resulting in the effect of “water
lock”, which makes the permeability change of shale reservoirs not so apparent. Heat
treatment may be a good solution to the difficulties encountered in hydraulic fracturing
shale reservoirs. Studies have proven that heat treatment can accelerate the fracture
propagation. Moreover, a higher stress concentration were observed at the fracture tip [7].

In recent years, a large number of heat treatment technologies have been performed
in oil and gas engineering (Figure 1), such as electric heating [8-12], microwave heat-
ing [13-15] and other technologies [16]. Among them, ExxonMobil proposed an electrofrac
process for crude oil conversion [15]. This method uses conductive materials as resistance
heating elements by filling cracks and heating shale oil to convert kerogen in oil shale into
conventional oil and gas.
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Figure 1. Electrofrac technical sketch of shale-gas recovery based on hydraulic fracture heating
(modified from Liu et al. [16]).

As a way of direct heating of hydraulic fractures, electromagnetic heating can be
enhanced by hydrocarbons to increase shale gas and oil shale production with the help
of nanoparticles. Thoram and Ehrig-Economides [16] make the use of small-scale nuclear
power plants to inject high-quality saturated steam and heat the SRV region to a specified
temperature. Kerogen can be decomposed into oil and gas at this temperature.

In addition, for low temperature treatment, ExxonMobil conducted several months
of low-temperature field experiments [11] at its colonial mine in northwest Colorado. The
data, including the temperature, voltage, current and rock deformation were obtained,
analyzed and interpreted by Hoda et al. [17]. The above exploration provides a broad
prospect for the application of heat treatment into unconventional resources.

Heat treatment technology can improve the shale oil and gas recovery rate [12-17].
During heating, kinetics of kerogen may undergo thermal decomposition [18]. In addition,
micro-fractures connect, and large-scale tensile cracks develop with inorganic minerals
expanding, thus improving the connectivity of fractures network [19]. However, the
interaction mechanism of high-temperature, two-phase flow and shale deformation was
still not studied in depth.

The research of the coupling mechanism between temperature and two-phase flow
often appeared in energy mining engineering in the past, such as heating-enhanced coalbed
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methane recovery, heating-enhanced shale-gas recovery and geothermal exploitation. The
thermal stimulation is achieved by injecting hot water [16,20,21] and hot gas [22,23], which
can be regarded as a beneficial auxiliary production technology to improve the coalbed
methane and shale-gas recovery.

Wang et al. [24], Salmachi and Haghighi [21] confirmed that heating-enhanced gas
recovery increased the cumulative gas production by 58% and 12%, respectively compared
with conventional production. In the mining process of these different energy sources,
the similar multi-field coupling effect exists—that is, the coexistence of temperature fields,
seepage fields and fracture fields in rock reservoirs, forming a complex coupling effect
between heat and gas-water two-phase flows.

Theoretical analysis and numerical simulations have been performed to study these
coupling effects. The focus of these studies is to establish mathematical models of heat
conduction and two-phase flow (e.g., Shang et al. [25]; Wang et al. [26]; Teng et al. [27]).
Among them, two-phase flow models [28], thermal-flow coupling models [29-31], thermal-
hydraulic-mechanical coupling models [27,32,33] and thermal-two-phase fluid-solid cou-
pling models have been proposed.

For example, Teng et al. [29] proposed a thermal-hydraulic-mechanical (THM) fully
coupled model to describe the complex coupling effects between geological mechanics,
CBM flow and energy transfer. The heat and mass transfer characteristics of CBM recovery
under thermal stimulation were quantitatively predicted using the THM model. However,
this model only considers a single-phase flow.

Lietal. [34] established a thermal-two-phase flow-mechanical coupling model for CBM
exploitation with the influence of temperature and groundwater. Qiao et al. [30] proposed
a thermal-two-phase flow model of pore-scale based on the self-similar fractal scaling law
through unsaturated shale. However, the two-phase flow is considered as immiscible.

Liu et al. [35] proposed a numerical model to investigate the effect of hydraulic
fracture heating on shale-gas recovery. Their results show that shale-gas recovery can be
improved by increasing the temperature of hydraulic fractures. Zhu et al. [36] numerically
analyzed the application and effect of heat treatment in shale gas exploitation by a fully
coupled model. The influence of related parameters on the effect of heat treatment was also
analyzed. They suggested that heat treatment has a significant effect on long-term efficient
shale production.

Liu et al. [20] established a thermal-fluid—solid coupling numerical model in the
background of simulated microwave heating, revealed the influence mechanism of gas
thermal desorption and thermal cracking processes on matrix porosity evolution and
evaluated the enhancement efficiency of microwave heating on shale-gas recovery. These
studies ignored the heterogeneity of shale. Wu et al. [31] established a new fractal theoretical
model to predict single-phase and two-phase flow as well as heat and mass transfer in
porous media.

The absolute and relative permeability, effective thermal conductivity under the inter-
action of two-phase flow and heat conduction in unsaturated porous media were analyti-
cally solved. However, these models did not fully cover the interaction mechanism among
the thermal conduction and convection, the gas-water two-phase flow and the evolution of
heterogeneous fracturing in the shale reservoir [37].

In order to verify the applicability and effectiveness of heat treatment on shale-gas
recovery, a fully coupled THGM model is established in this paper. The interactions of
different mechanisms in the heterogeneous shale reservoir are considered, such as heat
conduction and convection, deformation of the shale reservoir, gas desorption and two-
phase flow. The heat-induced interactions are considered in shale reservoirs, including the
heat-induced gas adsorption and fracturing.

The superiorities of the thermal stimulation are evaluated and compared with conven-
tional reservoir treatment techniques through a shale-gas-drainage example. The results
can provide an engineering application prospect of heat enhanced shale-gas recovery. This
paper is organized as follows: In Section 2, the interaction mechanisms are discussed, and
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a coupled THGM model is proposed. In Section 3, the permeability test process of shale
after 50 °C temperature treatment is conducted, and a numerical model for the coupled
multi-physics process with shale microstructure is obtained to verify the experiment results.
In Section 4, the stimulation effects of heat treatment on shale-gas recovery are quantified.
The efficiency of shale-gas production after thermal stimulation is compared with that of
conventional hydraulic fracturing. The findings and conclusions are presented in Section 5.

2. Governing Equation for the THGM Coupling Process
2.1. Shale Reservoir Deformation Considering Gas Adsorption and Thermal Expansion

The deformation field equation of the shale skeleton is composed of equilibrium
equation, geometric equation and physical equation.

The force on the shale unit is balanced. The balance equation is

ijj+fi=0 ey

where 07; is the total stress tensor, 0;; ; is the derivative of the tensor ¢j; along the y direction,
and f; is the tensor of the volume force.

According to the effective stress principle, there is a relationship between the total
stress 0;; and effective stress ai]" as follows

0ij = 0 +appdy; 2)
where p stands for the pore pressure as

P =5sg-Pg+ 5w Puw 3)

wp is the Biot coefficient, ag = 1 — %:, where c;, represents the compression coefficient
of pores, and ¢, represents the compression coefficient of the shale skeleton. §;; stands for
1 i=j

0 i#j

Integrating Equation (2) into Equation (1) yields

the Kronecker function, §;; = {

oi + (pdij) ;+ fi =0 @)

Assuming that the coal unit body only produces small deformation in the process of
coalbed methane mining, the following equation can be derived from the continuity of the
deformation process

1
eij = 5 (i + uji) ®)

where ¢;; is the strain tensor, 1; and u; are the unit position shift of the i and j direction, respectively.

The shale skeleton is under elastic state in the process of heating-enhanced shale-gas
recovery in general. Depending on the linear elastic assumptions, the total strain is the sum
of strain of in-situ stress, gas pressure, water pressure, absorption expansion and thermal
expansion. Therefore, the generalized Hoek law of the deformation can be applied. The
constitutive equation is

1

=L 3Ev
- 2G

(1+0)(1—20)

€ arT
pij + 5551']' + =3 (6)

/
€ij Tij — edij] 3

B

+ -

3kp

where E is the elastic modulus of tension and compression, and G is the shear elastic modu-
E

lus, G = o) E is the elasticity modulus, v is the Poisson’s ratio, e is volumetric strain,

«p is the Biot coefficient, k;, is the volume modulus of the porous medium, K, = Aq + %G,
a is the volume thermal coefficient of solid matrix, and T is the temperature.

It is assumed that the deformation components caused by shale gas adsorption and
thermal expansion are equal in three directions. Combining Equations (4) and (5) with
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Equation (6) yields the equilibrium equation of the deformed shale reservoir under the
condition of heat injection

Gui,kk +

T 5y tkki ~ 4B Sg Py B Sw Pw — kyesi —kparT; + f; =0 )

2.2. Permeability Evolution for Thermal Fracturing Process

For the classical matchstick block of fractured shale, the permeability is

1 b3

k=15

®)
where k is the permeability, b is the aperture of the fractures, and s is the spacing of the
fractures at the current state.

As shown in Figure 2, under external loading and temperature changes, new microfrac-
tures may initiate and expand. The aperture of the existing fractures may also change
with the temperature. These two changes may significantly modify the permeability of the
fractured shale.

hard part

soft part
Figure 2. Conceptual model for fracture evolution in fractured shale.

Thus, by dividing fractured shale into fractures (soft part) and matrix (hard part),
with considering the compaction of fractured shales and generation of new fractures in
the matrix, a permeability evolution model was established by Shang et al. to describe the
fracturing process induced by changes in effective stress, temperature or both [38]. There
are three parameters in this model: the proportion of fracture aperture in the fractures,
the evolution of mean fracture aperture and the effect of temperature change and external
loading on fracture density. It is expressed as

3

b=k |re-ewp(=50") +1 -] () ©)
s s

where ky is the initial permeability, and s is the spacing of the fractures at the initial state.

s is the fracture aperture proportion of the soft parts in the fractured shale. Acy, is the

increase of the mean effective stress, which is Aoy = 0m — 0y m; and om, 0y ;m are the current

and initial effective stress, respectively. K; is the bulk modulus of the fractures.

2.3. Two-Phase Flow, including Adsorption and Dissolution

The continuity equation of fluid mainly represents the mass conservation. It is also the
basic equation to describe the motion of matter. The subscripts ¢ and w are the gas phase
and water phase, respectively. Considering the adsorption of shale gas on a shale skeleton,
the continuity equations of gas phase and water phase can be expressed as

For gas flow,
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0 (8] T-T, )
Y [p(Rswswow + Sg0g) + PsPga B, L_fp ex [—M] ] = V- [040¢ + RswpwVu] = pglg (10)
For water flow,
0
a(‘PPwa) =V - (pwOwsw) = pwiw (11)

where s¢ + sy = 1, Ry is the gas solubility in water, and py, pg are the densities of water
and gas under formation condition, respectively. s¢, s are the saturation of gas and
water, respectively. ¢ is the porosity of shale. g, gy are the fluid strength of gas and
water, respectively.

The motion equation of gas—water coupled seepage is

kk
Hg

Oy = — K Vpw (13)
Huw

where k is the absolute permeability of shale, k. is the relative permeability of gas, i, is
the viscosity of gas, p, is the gas pressure, k; is the relative permeability of water, p, is
the viscosity of water, and py, is the water pressure.

Substituting Equation (12) into Equation (10) and Equation (13) into Equation (11)
yield gas-water coupled equations for the shale reservoir, respectively.

V] c (TﬁTre )
; {% (9 (Rswswpw +5505)] + Pspga ity exp [‘ ¥ (e pusa) } }

k" rw ANswiw (14)
V. [( gP%' 4k I;ZUP )Vps] = qgdg
10 k
Fa (95000) = VL5 Tpa) = qupe (15)

2.4. Heat Conduction of Two-Phase Flow Considering Thermal Convection

Considering the effects of heat conduction and convection, it is assumed that shale
reservoir and two-phase flow are always in a heat-balance state. Combined with gas—water
two-phase flow motion equation, the governing equation of energy conservation in shale
reservoir is

9(CeqT)
ot

+ V(=KegVT) + Kgag TV - vg + Kyptty TV - v = Qr (16)

where C,, is the specific heat capacity, T is the temperature, K, is the effective heat conduc-
tion coefficient, Ky is the volumetric modulus of gas, a4 is the thermal expansion coefficient
of gas, Ky, represents the volumetric modulus of water, &y, is the thermal expansion coeffi-
cient of water, Qr is the heat source, and Ky ~ pg, ag ~ 1/T. Combining Equations (10)
and (11) with (14) yields

3(CeqT kk
(Ceg )+V(—KngT)+ng-(— BVpg) + KoV - (— =12
ot Mg Hw

Vpw) =Qr (17)

2.5. Multiple Physical Field Coupling Model

The combination of Equations (7), (9), (12), (13) and (15) makes up the THGM full-
field coupling mathematical model for heating-enhanced shale-gas recovery. As shown in
Figure 3, this model covers a shale-reservoir-deformation field, gas—water coupled seepage
field, temperature field and fracture field. With the temperature rise in the shale reservoir,
the stress field change causes the desorption and migration of the adsorption state of shale
gas. New fractures generate from the matrix, the original fractures close or expand at the
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same time, and the gas—water coupling seepage path changes. With the production of shale
gas, the pore pressure reduces, reigniting the change in the stress field.
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Figure 3. Cross-couplings in heating-enhanced shale-gas recovery.

3. Modelling Results and Discussions
3.1. Permeability Test of Shale after 50 °C Temperature Treatment

To study the permeability of shale after 50 °C temperature treatment, a permeability
test was conducted. First, the moisture content of the shale sample was tested, and the
average moisture content was 0.0425%. The test results are shown in Table 1.

Table 1. The basic physical parameters of shale samples under 50 °C temperature treatment.

Hight (mm) Diameter (mm) Quality (g) o 3
NO. Before After Before After Before After Pore Volume after 50 °C (cm”)
6*-1 51.14 51.08 25.5 25.10 66.81 67.08 -
6*-2 51.34 51.18 25.28 25.08 66.89 67.34 1.179
6*-3 51.24 51.18 25.32 25.04 66.95 67.39 1.168

As shown in Figure 4, three shale samples were heated at high temperature in the high-
temperature furnace. The target temperature was 50 °C. Starting from room temperature,
the heating rate was 5 °C/min. After reaching the target temperature, the temperature was
maintained for two hours. Then, the samples were cooled to room temperature of 20 °C in
a sealed container.

After the heat treatment of shale samples, the permeability test is conducted on the
treated samples. The pulse attenuation permeability meter (PDP-200) of the key Laboratory
of coal-bed methane resources and accumulation process of ministry of education of China
University of Mining and Technology was used to test the permeability of Lushan shale,
as shown in Figure 5. The gas used in this test is high pure N, with a purity of 99.99%.
The test was controlled by axial displacement, with a confining pressure of 2900psi, test
pressure of 800 psi and nitrogen rate of 0.1 mm/min. Nitrogen seepage velocity test is
performed synchronously at room temperature, the flowmeter accuracy is 0.0001 L/min,
and the extensometer accuracy is 0.001 mm.



Mathematics 2022, 10, 3473 8of 16

80 -
s
@)
< 60 4
Z 50°C
g
~
g 9
[-% 40 - :;) EE k(l% O_:
= £0 3 @
= £ =%

20 T T T T M T T T v T

0 25 50 75 100 125 150
Time (min)
(a) (b)

Figure 4. Temperature treatment process of shale samples. (a) The heating path of the shale and
(b) the shale samples after temperature treatment.

k|

Figure 5. Pulse decay permeameter.

The permeability data of shale samples under certain pore pressure and confining
pressure based on the transient pulse experiment are shown in Table 2.

Table 2. Moisture content of the shale samples at room temperature.

Temperature (°C)  Confining Pressure (psi)  Test Pressure (psi) Permeability (mD)

20 2900 800 0.000931
50 2900 800 0.001126

3.2. Establishment of the Numerical Model

In this section, the COMSOL multi-physics software platform is introduced to nu-
merical analyze the multi-physical field coupling model, explore the influence mechanism
among each physical field and predict the productivity of heating-enhanced shale-gas
recovery. The THGM, a multi-physical field coupling model is used to analyze the internal
temperature field, capillary pressure and gas—water saturation evolution mechanism of
shale under the heating condition of 50 °C.

The corresponding permeability simulation was also conducted to verify the experi-
ment results. The analysis of thermal stimulation enhanced shale-gas recovery is retained
on the basis of theory and numerical research, and engineering practices have not been
performed on the related fields. The following analysis is not a complete meaning of
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thermal stimulation enhanced shale-gas recovery but a related heat-gas-liquid-mechanical
coupling process analysis.

Based on the established multi-field coupling model, the permeability evolution and
gas—water coupled seepage process in shale can be simulated by simple model constraints,
which can reflect the reliability of the full coupling model to a certain extent. The validity of
the THGM coupling model established was tested by comparing with the shale permeability
test results after the 50 °C temperature treatment.

A geometric model of 0.05 x 0.025 m rectangle (ABCD) was established to characterize
the shale samples in numerical calculation (Figure 6). The matching operation between
the microstructure image of shale samples and the rectangle (ABCD) was used to simulate
the change in permeability and temperature conduction process in real shale. Given the
confining pressure and test pressure, AC was a constant temperature boundary. The given
temperature value was 50 °C. Gas—-water two-phase flow existed in the shale sample.

V4 Confining pressure 20MPa
Al 4 L] ]
l«—
=~
g0 7
i ;
- 17}
f}g 28 & g Ik Fluid flow direction g j—
é‘ ATERTERVARVER VA VIRV ERY BN B TS - G
5 n
: e
gl: 3
l«—
C D  x

T T

Confining pressure 20MPa

Figure 6. Computational model for the control experiment.

The coordinate of observation point E (0.005 m, 0.0125 m) was used to observe the
change in the two-phase flow with time. In the aspect of boundary conditions, for the
temperature field, all boundaries in the model were set as adiabatic boundaries, on which
the temperature was allowed to change. For the seepage field, there was no fluid flow at all
boundaries. For the solid deformation field, normal phase displacement was constrained at
the boundary of CA/DC. The simulation parameters used are shown in Table 3 and were
mainly from the current research literature and related parameter tests of shale samples.

Table 3. The model parameters in the calculations for a gas production process.

Parameters Unit Value Physical Meaning
Ceqg J/(K-kg) 1625 Gas specific heat capacity
Keg,w W/(m-K) 0.2 Water thermal conductivity
Kegg W/(m-K) 0.6 Gas thermal conductivity

Ha Pa-s 3.6 x 107* Water viscosity
Hg Pa-s 1.85 x 107° Gas viscosity
¢ 0.01 Porosity
Es MPa 2713 Young’s modulus of shale
¢ 0.01 Porosity
Es MPa 2713 Young’s modulus of shale
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Table 3. Cont.

Parameters Unit Value Physical Meaning
ar 1/K 24 %1075 Shale thermal expansion coefficient
Ty K 293.15 Initial temperature
Po MPa 3 Initial mean pressure
Cs J/(K-kg) 1250 Specific heat capacity of shale
ko m? 9.632 x 10719 Initial permeability
Rsw 1.3 Gas solubility
Srw 0.2 Residual water saturation
Srg 0.15 Residual gas saturation
c1 1/MPa 0.07 Pressure correction coefficient for gas adsorption
c 1/K 0.02 Temperature correction coefficient for gas adsorption
D, m?2/s 1x107° Capillary diffusion coefficient

— IR

3.3. Evolution of Temperature Field

First, the temperature evolution path is obtained by numerical analysis. Figure 7 shows
the shale reservoir temperature distribution at 0.5, 2, 8 and 10 min of heating, respectively.
Due to the heterogeneity of the internal structure of shale, temperature changes also present
a certain nonlinear variation relation with time. According to the analysis, the heat transfer
mainly includes two forms: heat conduction and heat convection.

323
318
313
308
303
298

Figure 7. The temperature distribution at different times. (a) 0.2 min; (b) 2 min; (c) 8 min; (d) 10 min.

Heat conduction and convection are coupled and affected by fluid seepage. The heat
conduction is mainly controlled by the heat conduction coefficient, and the effect of heat
transfer into shale along the constant temperature boundary is roughly the same. Due
to the influence of the gas-liquid-mechanical coupling seepage, the heat transfer path
is non-uniform and nonlinear. It can be observed from Figure 7 that the temperature
change mainly occurs at the heat injection boundary and gradually spreads along the fluid
flow direction.

After 10 min of heating, as shown in Figure 7d, the temperature of most internal
structures of shale reached 50 °C. However, as with the temperature treatment test, after
that, the shale sample was heated for 6 min at a speed of 5 °C/min, and the temperature
was kept constant for 2 h to achieve uniform heating and reach the target temperature of
the overall shale.
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3.4. Capillary Pressure and Water Saturation of Shale

The gas saturation, water saturation and capillary pressure change constantly in the
gas—water coupling seepage process. Figure 8 describes the evolution of water saturation
and capillary pressure at observation point E (0.005 m, 0.0125 m). First, capillary pressure is
the difference between gas pressure and water pressure. The capillary pressure is affected
by the pore size distribution, permeability and many other factors in the process of gas—
water coupled seepage.

T T T T T T T i 2 550 0630 T L] T
0.625 | a
0.625 .
< 2.535 —&— water saturation
0.620 | Gl \
w® ! J2.500 = F 00620 .
S = = capillary pressure 15505 @ § 0615 F \ T
I a =
2 oel0f = 3 "
= 42490 = Z 0610F -
2 2 2 "~
0.605 F s E B T
J2475 = 0.605 | e, -
0.600 F
L 1 1 Il 'l L 1 2460 0 600 L Il il
0 200 400 600 800 1000 1200 25465 2.5470 2.5475 2.5480 2.5485
Time (s) Capillary pressure (MPa)
(a) (b)

Figure 8. Evolution curve of the water saturation and capillary pressure at observation point E
(0.005 m, 0.0125 m). (a) The change in water saturation and (b) change in water saturation capillary
pressure over time with capillary pressure.

As shown in Figure 8a, water saturation generally shows a decreasing trend with the
time of heat injection. In the first 200 s, the water saturation rapidly drops from 0.625 to
0.607, then decreases slower and finally reaches 0.6 after temperature injection for 1200 s.
To describe the internal heterogeneity of the shale fracture and matrix, the water saturation
curve is not completely smooth. This is because shale gas desorption happens all the time in
the process of physical fields coupled with temperature. The change in gas-water seepage
leads to solid deformation, and solid deformation causes the pore pressure change.

Then, the change in pore pressure leads to the change in permeability. The capillary
pressure changes during gas—water flow process in shale are analyzed below. As shown,
the capillary pressure increases dramatically at first and then slowly with the time of heat
injection. At 200 s, the capillary pressure increases to 2.528 MPa. At 1200 s, the capillary
pressure rises slowly to 2.545 MPa. In addition, Figure 8b analyzes the variation of water
saturation with the capillary pressure. The higher the capillary pressure is, the lower the
water saturation will be. At this time, more adsorbed shale gas will be desorbed, part of
dissolved gas will be converted into free gas, and the shale gas productivity will increase.

3.5. Permeability of Shale and Shale Gas Saturation Change

Figure 9 shows the permeability evolution process in shale samples. As shown, there
is a large difference between the permeability of fractures in shale and matrix at the initial
heating stage. The permeability of fracture is almost an order of magnitude multiple of that
of the matrix.

With the extension of the heating time, the fracture permeability still increases slowly
along the direction of fluid flow. The permeability change of matrix is not shown in Figure 9.
The reason is that the temperature, the confining pressure and test pressure are not sufficient
to cause the initiation of matrix cracking in shale. The effect of temperature only causes the
desorption of adsorbed shale gas, and a small part of the dissolved gas is converted into
free gas, which leads to an increase in free gas in the seepage fractures and further leads to
an increase in the overall permeability in the shale.



Mathematics 2022, 10, 3473

12 of 16

Figure 9. Permeability variation characteristics at different times. (a) 0.2 min; (b) 2 min; (¢) 5 min;
(d) 10 min.

The observation shows that the permeability in the fracture changes with time. After
about 10 min, the permeability in the fracture part almost reaches the same value, which
is about 1.6 x 107! m?, while that in the matrix is about 9 x 107! m2. The specific
permeability of shale depends on the proportion of the matrix to fracture. According to the
permeability evolution model established in Section 2.2, the proportion of the fracture part
in numerical simulation in this section is 32.3%, and the total permeability of shale can be
calculated to be about 1.261 x 10~ m?. The permeability value of the shale sample under
the heating condition of 50 °C is 1.126 x 10~'® m2. The numerical calculation results are in
good agreement with the test results.

Corresponding to the analysis of permeability changes in shale fractures caused by
thermal desorption of shale gas in Figure 9, Figure 10 shows the evolution process of shale
gas saturation with temperature. First, due to the heterogeneity of shale structure, the
evolution curve of shale gas saturation shows an unstable growth trend with temperature.
When the shale sample is heated, the activity of shale gas molecules enhances under the
combined action of temperature and pressure, and shale gas desorption occurs.

0.400 |

0395 F
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0.390

0.385

0.380

Shale gas saturation s
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Figure 10. Gas saturation evolution curve of observation point E (0.005 m, 0.0125 m) with temperature.
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The capillary pressure between gas and water increases, and the gas saturation in-
creases rapidly from 0.375 in the initial state to 0.393 at 2 min and then slowly to 0.4 at the
time of 10 min. This is essentially consistent with the change trend of permeability, which
also indicates that the free gas content in the fracture reflects the overall permeability of
shale. In addition, it should be noted that the numerical simulation in this section is for the
coupling mechanism of multi-physical fields in the heating process of a small-scale shale
sample. The numerical variation of water saturation and permeability is small. This is a
description of the variation trend of each physical field in the coupling process.

4. Production Capacity Analysis of Heat Injection in Enhanced Shale Gas Recovery
4.1. Numerical Model of Heating-Enhanced Shale Gas Recovery

In order to further validate the correctness of the established multi-field coupling
model and the applicability in the heating-enhanced shale-gas recovery project, a simplified
2D model of shale gas reservoir is simulated in this section by using the multi-field coupling
model. As shown in Figure 11, the shale gas extraction area is 10,000 square meters, and a
square geometric physical model of 100 x 100 m is set up.

y

ermal injectio
well
‘_
——
. —
Production well
B X

Figure 11. Computation model of shale gas heat injection production.

The thickness of shale reservoir is 2 m, and the initial shale gas pressure is 3 MPa. The
heat injection well is at the central coordinate of the model at the location of (50 m, 50 m),
with a radius of 0.1 m. According to Teng’s model [29], the heat injection temperature
is 95 °C, and the extraction well is located at the location of (0 m, 0 m).

In terms of boundary conditions, for the temperature field, all boundaries in the model
are set as adiabatic boundaries. The temperature is allowed to change at the adiabatic
boundaries. For the seepage field, there is no fluid flow at all boundaries. For the solid
deformation field, the normal displacement is constrained by the left boundary and lower
boundary. The values of the other simulation parameters are listed in Table 3.

4.2. Analysis of Shale Gas Production Efficiency by Thermal Injection

The influence of thermal injection on cumulative shale-gas production is studied in
this section. The cumulative shale-gas production is compared between conventional and
heating-enhanced shale-gas recovery. Figure 12 shows the comparison of the gas production
rates between the two methods. It can be seen that the shale-gas-production rate for both
methods decreases slowly over a 10,000-day production cycle. On the 2000th day, the
production rates of shale gas in both production methods declined to an inflection point.
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Figure 12. Comparative analysis of gas production between heat injection and conventional exploita-
tion of shale gas. (a) The shale-gas-production rate and (b) cumulative shale-gas-production rate.

The gas production rates of heating-enhanced and conventional production were
8269.19 and 5209.56 m>/d, respectively. They decreased to 20.49% and 20.17% of the
initial production, respectively. After 2000 days, the shale-gas-production rate of heating-
enhanced production drops more than that of conventional production. After 10,000 days
of production, the shale production rates of the two production methods are almost the
same. Similarly, as shown in Figure 12b, the cumulative production of shale gas shows a
trend of first substantial increase and then a slow increase.

For example, after 8000 days of production, the cumulative shale-gas production
from conventional production is 3.49 x 107 m?, while the cumulative gas production from
heating-enhanced shale-gas recovery increases to 5.55 x 107 m3. As a whole, the shale-gas
production yields an increase of 59.1% after 2.7 years, 58.8% after 9.9 years and 58.7% after
27.4 years. The cumulative production rates of shale gas at the 10,000th day under heating
treatment and conventional treatment are 6.0 x 108 and 3.8 x 10® m?, respectively.

There is a difference of 2.2 x 10® cubic meters in the shale-gas production between
the two kinds of treatment. It is estimated that heat-treatment technology is helpful to
bring an economic efficiency of 612 million in the whole production cycle. In summary, the
simulation results show that heat treatment can significantly improve shale-gas production
in the first half of the production cycle.

5. Conclusions

A THGM coupling model was proposed to describe the interactions of permeability
evolution for the cracking process of the heterogeneous shale, the deformation of shale
reservoirs affected by gas adsorption and thermal expansion and the heat conduction and
convection as well as the gas—water two-phase flow in a heterogeneous shale reservoir.

Based on this coupling model, a numerical simulation was performed to represent the
complexed coupling THGM mechanisms at shale sample grade under 50 °C. In addition,
the interactions among the stress, high-temperature and two-phase flow in a heterogeneous
shale reservoir were also studied. The influences of temperature on shale-gas production
during the heat treatment of a shale reservoir were analyzed, and the effectiveness of
heat-treatment-enhanced shale-gas recovery in prolonging production life was evaluated.
Based on these studies, the following innovative conclusions were found:

First, heat injection leads to an increase in the capillary pressure and free gas content
in the process of gas—water two-phase flow in shale reservoirs. The rise of temperature
promotes the shale gas desorption and the separation of partially dissolved gas. The chang-
ing rate of two-phase flow causes the deformation of the shale reservoir. The mechanical
deformation of the reservoir then leads to a change in the pore pressure and capillary
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pressure. At the same time, the changes in both the capillary pressure and the gas—water
saturation present certain irregularities because of the heterogeneity of shale.

Secondly, the thermal stimulation resulted in a permeability increase in fractured
shale. With the temperature increasing, the desorption of shale gas becomes faster, and
more free gas flows into the fracture system, thereby, leading to a significant increase in the
shale permeability.

Thirdly, the proposed THGM model well forecast the thermal stimulation for the
shale gas reservoir. Heat-treatment technology can greatly enhance cumulative shale-gas
production in the first half of the production cycle. Heat treatment changes the temperature
of the shale reservoir, and the coupling THGM effects stimulate the mechanical deformation
and shale-gas production. The numerical simulations revealed that the heat treatment
enhanced cumulative gas production by 58.7% after 27.4 years.
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