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Abstract: Heat-injection production is a common technique for gas-hydrate development, and the
mechanism needs further in-depth study, particularly of the decomposition characteristics of natural-
gas hydrate, which are important fundamental issues. The natural gas-hydrate-reservoir model is
based on a mathematical description of reservoir properties that considers the effects of hydrate
decomposition and reservoir stress conditions. The aim of our investigation was to analyze the
production and decomposition characteristics of natural-gas hydrates based on the results of nu-
merical simulations of heat-injection production. The effects of different heat-injection temperatures
and heat-injection rates on production were compared, and the decomposition characteristics of
hydrates were evaluated qualitatively and characterized quantitatively by temperature distribution,
saturation distribution, and the decomposition front in the process of heat-injection production of
natural-gas hydrate. The results showed that, with the increase in the heat-injection temperature, the
decomposition front moved faster, the area share of decomposition zone increased, but the increase
extent decreased. The high heat-injection rate had a more significant effect than the heat-injection
temperature in promoting the decomposition of natural-gas hydrate.

Keywords: natural-gas hydrate; heat-injection production; decomposition characteristics; temperature
distribution; saturation distribution; decomposition front

1. Introduction

Natural-gas hydrate is recognized as a promising subsequent clean-energy source
with the broad prospect of replacing traditional fossil energy such as oil and natural gas [1].
Natural-gas hydrate exist as a solid in reservoirs and needs to be decomposed in the process
of exploration to release the natural gas. At present, the main methods for natural-gas-
hydrate exploration and production at home and abroad are: heat injection [2]; pressure
reduction [3]; CO; replacement [4]; and inhibitor injection [5]. Most production technologies
for natural-gas hydrate have been proposed based on the theory of disruption of the phase-
equilibrium properties. The decomposition of natural-gas hydrate is a complicated process
involving heat and mass transfer and phase transitions. The feasibility of heat-injection
production of natural-gas hydrate has been proved by the trial production of the Mallik
hydrate reservoir in Canada [6,7], but there are still obvious drawbacks such as high heat
loss and low heat-utilization rate, and the mechanism and mining process of heat-injection
production of natural-gas hydrate still needs further in-depth study, particularly of the
decomposition characteristics of natural-gas hydrate.

The mechanism of heat-injection production of natural-gas hydrate and its numer-
ical simulation have been studied more extensively and some progress has been made.
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McGuire (1981) proposed a thermodynamic model for thermal decomposition of natural-
gas hydrate and created a flow model of heat-injection production, concluding that heat
injection is a more advantageous mining method [8]. Holder and Angert (1982) developed
a mathematical model for heat-injection production of natural-gas hydrate and further
demonstrated its feasibility [9]. Vidyadhar and Fodhole (1985) developed a model for heat-
injection production of a one-dimensional radial natural gas-hydrate reservoir considering
hydrate saturation in porous media [10]. Selim et al. (1990) developed an analytical model
for heat-injection production of a one-dimensional radial natural-gas-hydrate reservoir and
derived an analytical solution [11]. Swinkels et al. (1999) developed a model with three-
dimensional of force-finite difference considering phase equilibrium, energy conservation,
and reservoir compaction [12]. Moridis et al. (2003) added the EOSHYDR2 module to the
TOUCH?2 simulator, which is capable of thermal energy simulations for multicomponents,
to achieve equilibrium kinetic simulations of hydrate decomposition [13,14]. Tang (2006) de-
veloped a heat-transfer model for the decomposition and hydrate zones in sediment by ne-
glecting the influence of mass transfer and the change of physical properties [15]. Du (2007)
developed a kinetic model of hydrate decomposition during heat-injection production
considering reformed hydrate [16]. Hou (2008) established a kinetic model of hydrate
decomposition with basic equations including mass conservation and energy conservation
considering reformation of hydrates [17]. Li et al. (2008) developed a one-dimensional
radial mathematical model of the decomposition front of hydrate based on energy conserva-
tion, and the simulation results were in good agreement with the experimental results [18].
Phirani et al. (2009) considered five phases (hydrate, gas, liquid, salt, and ice) and four
components (hydrate, methane, water, and salt) to establish a mathematical model for
three-dimensional heat-injection production of hydrates [19]. Li (2010) developed a one-
dimensional mathematical model based on the Selim model considering only the flow of
gas [20]. Bai (2011) analyzed the extraction mechanism of heat-injection production of
natural-gas-hydrate reservoirs using a three-dimensional model established by consid-
ering seepage of multi-phase and multi-component fluid, kinetic equations of hydrate
decomposition, phase change of hydrate and water, and heat conduction between different
components [21]. Zhao (2013) improved the one-dimensional heat-injection production
model considering the heat absorption and exotherm during phase change of hydrates, and
established an axisymmetric mathematical model for distribution of formation temperature
during heat-injection production of natural-gas hydrate [22]. Zhao et al. (2015) developed
a two-dimensional axisymmetric model to investigate the effect of heat-transfer properties
of methane hydrates on hydrate decomposition characteristics [23]. Sun et al. (2017) devel-
oped a thermal-fluid—solid-coupled model for hydrate decomposition involving reservoir
mechanical properties to simulate pore pressure, hydrate saturation, and reservoir physical
parameters during heat-injection production [24]. Liu et al. (2018) used Fluent to extend a
numerical model applicable to heat-injection production of natural-gas hydrate, and con-
ducted a simulation analysis of heat injection and gas production [25]. Liu Y et al. (2019)
carried out numerical simulations to study hydrate decomposition and production from
different types of wells and optimization of heat-injection parameters, and the results
showed that the production capacities of horizontal wells developed with heat injection
were significantly higher than those of conventional vertical wells [26]. Peng and Xia (2020)
used HydrateResSim to numerically simulate the effect of heat injection on the develop-
ment of different types of gas-hydrate reservoirs, showing that heat-injection production is
more efficient for the development of Class I hydrate reservoirs [27,28]. More research on
EOR techniques in developing unconventional energy resources provided good lessons for
heat-injection production [29,30]. Previous studies have shown that hydrate decomposi-
tion kinetics and heat transfer have relatively little influence on the results of numerical
simulations, and that the spatial properties of reservoirs and gas—water flow parameters
are decisive; however, most studies ignore the key issue of the evolution of gas-hydrate-
reservoir properties in the process of heat-injection production. The modeling of basic
parameters such as permeability and porosity and their evolution mechanisms need to be



Processes 2023, 11, 2349

3 0f20

further improved, and the lack of dynamic modeling of physical parameters limits further
work on numerical simulation of process of heat-injection production of gas hydrate.

This paper describes a novel natural-gas-hydrate reservoir model based on some basic
assumptions and a mathematical description of reservoir properties considering the effects
of hydrate decomposition and reservoir stress conditions. A mathematical model of natural-
gas-hydrate decomposition was developed by the conservation-of-mass equation, the
conservation-of-energy equation, and the equation of kinetics for hydrate decomposition.
Based on the results of further numerical simulations of heat-injection production of
natural-gas hydrate, the production and decomposition characteristics were analyzed. The
effects of different heat-injection temperatures and heat-injection rates on production were
compared, and the decomposition characteristics of hydrates were evaluated qualitatively
and characterized quantitatively by temperature distribution, saturation distribution, and
the decomposition front in process of heat-injection production of natural-gas hydrate.

2. Numerical Simulation Modeling Section
2.1. Basis for Model of Natural-Gas-Hydrate Reservoir
2.1.1. Basic Assumptions

The mathematical modeling was based on some basic assumptions by combining the
microscopic mechanism of hydrate decomposition, and the main influencing factors are
highlighted below:

Considering the natural-gas-hydrate reservoir is of the same nature in all directions
and the pores are uniformly distributed, natural-gas hydrates are filled in a porous medium,
and properties of the porous medium and fluid remain constant.

Considering only the presence of gas, liquid, and solid phases in fluid, the gas phase
is methane, the liquid phase is water, the solid phase is natural-gas hydrate, and the
dissolution of methane in water is ignored.

Considering only SI natural-gas hydrate, the molecular formula of natural-gas hydrate
is assumed to be 8CHy-46H,0.

Considering the gas and liquid phases flow through the porous medium and the fluid
flow obeys Darcy’s law.

2.1.2. Mathematical Description of Reservoir Properties

The existing numerical models for heat-injection production of natural-gas hydrate
generally ignore the effect of reservoir stress conditions on reservoir properties [31-33]. The
inadequacy of dynamic models of physical parameters limits further work on numerical
simulation, and the effects of hydrate decomposition and reservoir stress on the basic
properties of hydrate reservoirs are considered in the following mathematical description
of reservoir properties.

Considering the natural-gas hydrate as part of the pores of the porous medium, and
the fact that the porous medium is filled with methane gas, water, and natural-gas hydrate:

where Sy, is saturation of water, Sg is saturation of gas, and S, is saturation of hydrate.
@i = @o(1—Sy) ()

where @; is initial porosity and ¢y is porosity as saturation of hydrate is 0.
Considering permeability as a function of fluid porosity, permeability of the reservoir
can be characterized by the Carmen—Kozeny equation:

K = Ko(l — §;)CH €)

where K; is initial permeability of the reservoir, Ky is permeability of the reservoir as
saturation of hydrate is 0, and Cj, is the empirical-fit coefficient.
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The effects of heat injection on the geomechanics in natural-gas-hydrate reservoirs
should be discussed [34], and the effects of hydrate decomposition and stress changes
during production should be considered in a mathematical description of reservoir prop-
erties. Under the influence of thermal-fluid solid coupling of heat injection and hydrate
decomposition, the effective stress of a reservoir changes greatly, and then porosity and
permeability of the reservoir change accordingly [35].

K = K; (aa2 b+ c) @)

where K is permeability of the reservoir; K; is initial permeability of the reservoir; o is
effective stress; and a, b, and c are regression coefficients obtained from experimental tests.

¢ = gime"’ ©)

where ¢ is porosity of the reservoir; ¢; is initial porosity of the reservoir; and, m and # are
regression coefficients obtained from experimental tests.

oyt oy toy

3 — Py (6)

where 0y, 0y, and 0, are principal stresses in the x, y, z direction, « is the Biot coefficient,
and P, is atmospheric pressure [36].

Considering the effects of hydrate decomposition and stress changes during produc-
tion, porosity and permeability of the reservoir can be depicted as:

K = Ko(ao? +bo +c) (1 — §;,)% @)

¢ = @i(1—Sy)me"” ®)

Considering capillary pressure in the pores of porous media as a function of the
saturation of water and gas, capillary pressure can be characterized by the Van Genuchten
capillary-pressure equation.

Sw—S
PC = —Pu((u)_l/)\c _1)1—/\c (9)
1-Sw
where P, is capillary pressure, P, is atmospheric pressure, Sy is residual saturation of
water, and A, is the empirical-fit coefficient.
Relative permeability models are set based on improved Corey-Stone equation.

Sw — Srw
Ky = (22— 20y 1
rw (1_Srw) (0)
S _Sr
K., — (28 “'8yng 11

where K;y is relative permeability of water phase, Kj, is relative permeability of gas phase,
and 7y, and ng are empirical-fit coefficients.

2.2. Mathematical Model for Decomposition of Natural-Gas Hydrate

The decomposition of natural-gas hydrate is a complex process combining heat and
mass transfer with phase change, and is mainly controlled by two-phase seepage flow
of gas and liquid, the heat-transfer process, and kinetics of hydrate decomposition. The
mathematical model of natural-gas-hydrate decomposition is established based on the
equation of conservation of mass, the equation of conservation of energy, and the equation
of kinetics for hydrate decomposition.
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2.2.1. Conservation of Mass

Considering only the presence of gas, liquid, and solid phases, where the gas phase is
methane, the liquid phase is water, and the solid phase is natural-gas hydrate, the natural-
gas hydrate fills the porous medium, the gas and liquid phases flow through the porous
medium, and the fluid flow obeys Darcy’s law.

~ 0(ppgSg) | 19(rpgugr) | 9(pgvg:)
Re=—%r *tr 7 T oz (12)

where R, is rate of gas production, p, is density of gas, and S, is saturation of gas.

| Kk 9P,
el @)
Kk 9(P; — Gy)
Voz = — e 5 (14)

where vg, is seepage-flow velocity of gas in the r-direction, K is absolute permeability of
porous media, ky is relative permeability of gas, i is viscosity of gas, Py is pressure of the
gas phase, v, is seepage-flow velocity of gas in the z-direction, and G is gravity of gas.

- a(gopwsw) 1 a(VPwar) a(Pwvwz)

Re=—or "7 o T & (15)
where Ry, is rate of water production, p,, is density of water, and S, is saturation of water.

o Kkrw aPw
Owr = o or (16)

Kkyy 0(Py — G

'Uwz — Tw ( w ZU) (17)

Hw 0z

where vy, is seepage-flow velocity of water in the r-direction, k., is relative permeability of
water, yy, is viscosity of water, Py, is pressure of water, vy, is seepage-flow velocity of water
in the z-direction, and Gy, is gravity of water.

2.2.2. Conservation of Energy

The conservation of energy of the whole reservoir can be expressed by the temperature
and the enthalpy change of each component considering heat injection, heat conduction,
heat convection, and heat absorption by hydrate decomposition.

Qna + Qin = & [(1 = @)pphp + @Sppuhy + 9Sgpghe + @Swpwha)
+% % (xpgvgrhg + T’Pwvwrhw) + +% (nggzhg + Pwvwzhw) (18)
15 () + (V)
where Qy; is heat absorbed by the decomposition of hydrates, Q;, is heat by injection, A,
is thermal conductivity of the entire reservoir, ¢y is porosity occupancy of fluid, and ¢, is
porosity occupancy of porous media.

Ar = @ (AwSw + AgSg) + (1 — @p)Ap + ((Pp - (Pf))‘h (19)

where Ay is thermal conductivity of water, A, is thermal conductivity of gas, and A, is
thermal conductivity of hydrate.

Qna = RuGna = Rphp + Rghg + Roh (20)

where Ry, is rate of hydrate decomposition and g, is heat absorbed rate by the decomposi-

tion of hydrates.
dhy = C,dT (21)
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dhg = CodT + g Py (22)
oh )
8

o= [ =— (23)

8 (apg T
dhy = CudT (24)
dhy, = CpdT (25)

where Cj, is isobaric specific heat capacity of hydrates, Cq is isobaric specific heat capacity
of gas, 0y is throttling coefficient of gas, Cy, is isobaric specific heat capacity of water, and
Cp is isobaric specific heat capacity of porous media.

2.2.3. Kinetics for Hydrate Decomposition

The equation of kinetics for the decomposition of natural-gas hydrate is as below:

R, — 9(PonSn) (26)
ot
where Ry, is rate of hydrate decomposition, py, is density of the hydrate, S, is saturation of
the hydrate, ¢ is porosity, and ¢ is time.
Considering only SI natural-gas hydrate, the molecular formula of natural-gas hydrate
is assumed to be 8CHy-46H,0.

M,

Ry = —Re— 27

h gMg ( )

Rg = MgkyAs(fe — fg) = Mgk As(Pe — Pg) (28)
M

Ry = 5.75my M:’ (29)

where Ry, is rate of hydrate decomposition, pj, is density of the hydrate, M), is molar mass
of hydrate, M is molar mass of gas, My, is molar mass of water, A; is total surface area of
hydrate, k; is reaction kinetic coefficient for hydrate, f, is fugacity of three-phase equilibrium,
f¢ is fugacity of gas, P, is pressure of three-phase equilibrium, and Pg is pressure of gas.

kd = kdie_% (30)

As = @i(1=5) - % N
1

P, = 1.15(3(49.3185_%) .

where k; is reaction kinetic coefficient for hydrates, k;; is intrinsic decomposition coefficient
for hydrates, E; is apparent activation energy for decomposition, T, is equilibrium temper-
ature, A; is total surface area of hydrates, P, is pressure of three-phase equilibrium, K; is
initial permeability of the reservoir, ¢; is initial porosity, and Sj, is saturation of hydrate.

AR (1-8
Ry = Mgkyle™ e g;(1 - S,) - %(pe —P,) (33)
1

2.3. Setting for Model of Natural-Gas-Hydrate Reservoir

A two-dimensional radially symmetric reservoir containing natural-gas hydrate is consid-
ered (Figure 1). The upper and lower cover layers, defined as the overburden and underburden
of the reservoir are non-permeable cover layers, and there is heat exchange between the reser-
voir and cover layers. A straight well is set in the center of the model for heat injection and gas
production, and a perforation point is set close to the bottom of the well.
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Well

Overburden

Hydrate-bearing layer

Underburden

Figure 1. Schema of two-dimensional radially symmetric reservoir containing natural-gas hydrate
with overburden and underburden.

2.3.1. Basic Parameters

Basic parameters of the natural-gas-hydrate reservoir model were set according to
a typical natural-gas-hydrate reservoir [13,37]. Density of water was set to 1000 kg/m?3,
density of hydrate was 900 kg/m?, density of rock was 2500 kg/m?, and density of methane
was 0.75 kg/m?3. Thermal conductivity of water was 0.59 W/(m-K), thermal conductivity
of hydrate was 0.53 W/(m-K), thermal conductivity of rock was 10.00 W/(m-K), and
thermal conductivity of methane was 0.03 W/(m:-K). Specific heat capacity of hydrate was
3.00 KJ/ (kg-K), specific heat capacity of methane was 2.07 K]/ (kg-K), specific heat capacity
of water was 4.20 KJ/(kg-K), and specific heat capacity of rock was 0.76 K]/ (kg-K).

Kinetic parameters of natural-gas-hydrate decomposition were determined using
transparent-kettle experimental apparatus [37]. Molecular mass was 0.119 kg/mol, mo-
lar density was 0.919 x 103 kg/mol, molar volume was 7.696 x 103> m3/mol, response
frequency was 1.071 x 10'3, activation energy was 8.108 x 10%, and reaction enthalpy
was 5.186 x 10%.

2.3.2. Gridding

Small grid size was used in the model to describe the temperature and saturation
distribution of the hydrate reservoir in detail. A cylindrical model with radius of 5 m and
height of 7 m was created. The model had 100 grids, divided radially with grid size of
0.05 m; 120 grids divided longitudinally with 10 grids at the top as the overburden; and
10 grids at the bottom as the underburden. A straight well was set in the center of the
model for heat injection and gas production, the perforation point for heat injection was set
at 1 m, 20 grids away from underburden, and the perforation point for gas production is
set at 1 m, 20 grids away from overburden (Figure 2).

2.3.3. Initial Conditions

Considering the condition that hydrates can be uniformly distributed in porous media,
the porosity of the entire hydrate reservoir was set to 0.35, and the pressure of the entire
hydrate reservoir was set to 5 MPa. Permeability of the hydrate-bearing reservoir was
set to 500 x 1073 um?, and permeability of overburden and underburden were set to 0.
Saturation of water in the hydrate-bearing layer was set to 0.5, and saturation of water in the
overburden and underburden was set to 1.0. Saturation of hydrate in the hydrate-bearing
layer was set to 0.5, and saturation of hydrate in overburden and underburden was set to 0.
The temperature of hydrate in hydrate-bearing layer was set to 1.0 °C.



Processes 2023, 11, 2349 8 of 20

4
Well

Overburden } Lo=1m,20grids

Hydrate-bearing

Perforation

layer rLy=5m,100grids

point
Perforation
point ]
Underburden } Lu=1m,20grids
R

R=5m,100grids
Figure 2. Grid setting of model.

2.3.4. Boundary Conditions

There was no heat or mass transfer between the natural-gas-hydrate reservoir model
and the outside, as there was no heat and mass flow though the boundary of the model.

T|—0,z—0 = T; (34)
oT
§|r:O,Z:L =0 (35)
Snlr=0,z=0 = Sni (36)
S
a_th|r:0,Z:L =0 (37)

where T is initial formation temperature, L is the height of the model, and Sy; is the initial
saturation of hydrate.

Pli—o,z=0 = DPi (38)
%_1;|r:O,Z:L =0 39)
%—l:|r:0 =0 (40)
k=0 (a1)
aa_IZj|Z:L =0 (42)

where P; is initial formation pressure and R is radius of the model.

3. Results and Discussion

Based on the modeling section above, numerical simulations of natural-gas-hydrate
decomposition in the process of heat-injection production were carried out to quantita-
tively calculate the daily and cumulative gas production, and to qualitatively analyze the
characteristics of temperature distribution, saturation distribution, and decomposition-
front movement in the reservoir. The effects of temperature and rate of heat injection
on temperature distribution, saturation distribution, and decomposition-front movement
in a natural-gas-hydrate reservoir were simulated and are discussed, and the decompo-
sition process and heat- and mass-transfer law of natural-gas hydrate in the process of
heat-injection production are clarified.
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3.1. Production

The process of “lower heat injection, upper natural gas extraction” was adopted,
where the injection well and production well are located in the center of the reservoir. The
injection well was perforated at 1 m, 20 grids away from underburden in the axial direction
(Figure 2), and the production well was perforated at 1 m, 20 grids away from overburden.
Hot water of a certain heat-injection temperature was continuously injected at a certain
heat-injection rate for a period of time. Heat-injection temperature was set to 50 °C, 70 °C,
and 90 °C while heat-injection rate was fixed to be 50 m3/day. Heat-injection rate was set
to 10 m3/day, 30 m3/day, and 50 m3/day while heat-injection temperature was fixed to be
90 °C. Cumulative production and daily production for 150 days at different heat-injection
temperatures and heat-injection rates were calculated and further analyzed based on results
of numerical simulations.

3.1.1. Cumulative Production

The final cumulative production was approximately equivalent for different heat-
injection temperatures with a constant heat-injection rate of 50 m>/day, as there was
sufficient injection heat to ensure complete decomposition of hydrates. Cumulative produc-
tion reached a maximum of about 9600 m> as the final cumulative production for different
heat-injection temperatures (Figure 3).

&~ 10000
S 8000 Pig
R . ’
13} ’
= e ,/
B 6000 S
= . ’
A U4
o s /
> 4000 N ,’
‘d:' o P4 . o
< S . Tin=90°C
— B4 . .
E 2000 |- ..’, ......... Tin=70°C
= -}’ ----- Tin=50°C
Q

0 L L L L J

0 30 60 90 120 150

Day

Figure 3. Cumulative production for different heat-injection temperatures.

Cumulative production reached a maximum after 63 days when the heat-injection
temperature was 90 °C; this was the fastest of the three different injection temperatures.
Cumulative production reached a maximum after 78 days when the heat-injection tempera-
ture was 70 °C, and cumulative production reached a maximum after 117 days when the
heat-injection temperature was 50 °C.

The final cumulative production was approximately equivalent for the different heat-
injection rates with a constant heat-injection temperature of 90 °C, as this was sufficient
injection heat to ensure complete decomposition of hydrates. Cumulative production
reached a maximum of about 9600 m> for the different heat-injection rates (Figure 4).

Cumulative production reached a maximum after 63 days when the heat-injection
rate was 50 m3/day; this was the fastest of the three different injection temperatures.
Cumulative production reached a maximum after 95 days when the heat-injection rate was
30 m3/day and after 135 days when the heat-injection rate was 10 m?/day.
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Figure 4. Cumulative production for different heat-injection rates.

3.1.2. Daily Production

On the whole, daily production for different heat-injection temperatures with a con-
stant heat-injection rate of 50 m®/day showed similar variation patterns (Figure 5), with
daily production rising rapidly to a peak at the beginning, gradually decreasing to a certain
value, then showing a certain magnitude of increase, and then decreasing slowly until the
final daily gas production was 0 m3/day.

350
= Tin=90°C
§ 300 & Tin=70°C
. B  acesssa=s Tin—& o
£ 250 [1n=50°C
N’
: L
S 200
- .
9 :
S 150 |k
(=] P
= \
A& 100 \
‘= 50 Seeer ‘\_\
Q ~~~~‘~
0 ‘ i= ‘
0 30 60 90 120 150

Day

Figure 5. Daily production for different heat-injection temperatures.

The effective gas permeability was greater in the initial stage of heat-injection production,
and daily production increased rapidly. The trend in daily gas production was relatively
flat when the heat-injection temperature was 50 °C and there were large fluctuations in
daily gas production when the heat-injection temperature was 90 °C. Therefore, variation in
daily gas production increased with increase in heat-injection temperature. When the heat-
injection temperature was 50 °C, 70 °C, and 90 °C, daily gas production trended to 0 m?/day
at 115 days, 78 days, and 62 days, respectively, indicating that the higher heat-injection
temperature was more favorable for the rapid decomposition of hydrates.

Daily production for different heat-injection rates with a constant heat-injection tem-
perature of 90 °C showed similar variation patterns on the whole (Figure 6), with daily
production rising rapidly to a peak at the beginning, gradually decreasing to a certain
value, then showing a certain magnitude of increase, and then decreasing slowly until the
final daily gas production was 0 m3/day.
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Figure 6. Daily production for different heat-injection rates.

In the initial stage of heat-injection production, a large amount of hydrate decomposed
rapidly to produce a large amount of natural gas, and daily production increased rapidly.
Daily gas production decreased gradually during the time of heat transfer to the hydrate-
decomposition zone. With the continuous heat injection, a large amount of hydrate in the
hydrate decomposition zone began to decompose, and gas production rate decreased and
then increased.

3.2. Decomposition Characteristics

Characteristics of the temperature distribution, saturation distribution, and decom-
position front in the reservoir for different heat-injection temperatures and heat-injection
rates can be analyzed and further discussed based on results of numerical simulation,
taking 2 days, 10 days, and 50 days in the process of heat-injection production as compara-
tion points for decomposition characteristics of different heat-injection temperatures and
heat-injection rates. Heat-injection temperature was set to 50 °C, 70 °C, and 90 °C while
heat-injection rate was fixed to be 50 m?/day, and heat-injection rate was set to 10 m3/day,
30 m3/day, and 50 m®/day while heat-injection temperature was fixed to be 90 °C.

3.2.1. Temperature Distribution

The overall temperature distribution contours were similar for different heat-injection
temperatures or different heat-injection rates, and the temperature-distribution contours’
sparsity could be seen as “sparse-dense-sparse” as the distance to the injection well
increased. Natural-gas hydrate in the vicinity of the wells was completely decomposed,
while the continuous injection of heat prevented steep changes in temperature, which
was reflected in a relatively sparse temperature-contour distribution. The intermediate
area had a relatively pronounced change in temperature over a smaller area due to the
large amount of heat absorbed by the decomposition of natural-gas hydrate leading to
a sharp drop in temperature, and resulting in a denser contour. In the area far from the
injection well, heat could only be transferred forward by thermal conductivity. The process
of thermal-conductivity transfer was slow and no large changes in temperature occurred
within a small area, which is reflected in the relatively sparse contours.

Temperature-distribution contours for different heat-injection temperatures with a
constant heat-injection rate of 50 m®/day showed that the overall trend of temperature
decreasing along the injection-production direction with heat injection remaining similar,
despite the heat-injection temperature varying from 50 °C to 70 °C and 90 °C (Figure 7).
Temperature was higher around the injection well and lower away from the injection well,
with faster temperature propagation along the injection-production direction with heat
injection, which indicates that convective heat transfer is the main mode of heat propagation
in process of heat-injection production of natural-gas hydrate. The maximum temperature
contour moved faster at a heat-injection temperature of 90 °C compared to 70 °C or 50 °C,
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as the temperature difference between injection fluid and the hydrate reservoir increased,
and more heat was transferred forward in the same time.

0.

20

(@)

Figure 7. Temperature distribution for different heat-injection temperatures. (a) T;, = 50 °C after
2 days; (b) Tj, = 50 °C after 10 days; (c) Tj, = 50 °C after 50 days; (d) T;,, = 70 °C after 2 days;
(e) T;, = 70 °C after 10 days; (f) T}, = 70 °C after 50 days; (g) T}, = 90 °C after 2 days; (h) Tj, =90 °C
after 10 days; (i) Tj;, = 90 °C after 50 days.

Temperature-distribution contours for different heat-injection rates with a constant
heat-injection temperature of 90 °C showed that the temperature was close to 90 °C around
the injection well, and temperature decreased along the injection-production direction
with heat injection and with faster temperature propagation (Figure 8), as convective heat
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transfer is the main mode of heat propagation in process of heat-injection production
of natural-gas hydrate. Temperature-distribution contours were dense in the middle
section and sparse on the sides, indicating rapid temperature change in the middle section.
The overall temperature after the same simulation time was higher for higher injection
rates, and the highest temperature contour was further away from the injection well. The
high-temperature area was larger as the heat-injection rate increased, indicating that the
heat-injection rate had a greater effect on the decomposition of natural-gas hydrate within
the reservoir.

0

@

Figure 8. Temperature distribution for different heat-injection rates. (a) Q;, = 10 m3/day after 2 days;
(b) Q;,, =10m3/ day after 10 days; (c) Q;, = 10 m3/ day after 50 days; (d) Q;;, =30 m3/ day after 2 days;
(e) Q;, =30m3/ day after 10 days; (f) Q;, = 30 m3/ day after 50 days; (g) Q;, = 50 m3/ day after 2 days;
(h) Qi = 50 m3/day after 10 days; (i) Q;, = 50 m3/day after 50 days.

3.2.2. Saturation Distribution

The overall saturation distribution contours of natural gas hydrates show a similar
pattern, showing an outward convex trend along the injection-production direction with
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heat injection (Figure 9). The outward convex saturation-distribution contour around the
injection-well bore was more backward, which indicates that the natural-gas hydrate decom-
posed faster around the injection-well bore. The outward convex saturation-distribution
contour gradually moved forward as simulation time progressed with heat injection.
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Figure 9. Saturation distribution for different heat-injection temperatures. (a) Tj,, = 50 °C after 2 days;
(b) T;;, = 50 °C after 10 days; (c) T;;, = 50 °C after 50 days; (d) Tj, = 70 °C after 2 days; (e) T;, =70 °C
after 10 days; (f) Tj, =70 °C after 50 days; (g) T}, = 90 °C after 2 days; (h) T}, = 90 °C after 10 days;

(i) T, =90 °C after 50 days.

The saturation of natural-gas hydrate along with the boundary of the reservoir changed
from 0.5 to 0 within one grid (Figure 9), as overburden and underburden of the reservoir are
non-permeable cover layers and there was no heat and mass flow through the boundary of
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the reservoir. The saturation-distribution contours for different heat-injection temperatures
or different heat-injection rates show uniformly prominent features, i.e., saturation of
natural-gas hydrate steeply changed from 0.5 to 0 in a narrow area, indicating that natural-
gas-hydrate decomposition occurred only in this area. The saturation distribution can be
clearly divided into three areas: constant 0.5 saturation area, saturation steeply changing
area, and constant 0 saturation area, so the reservoir can be divided into three different
areas: hydrate area, gas/water/hydrate area, and gas/water area.

Saturation-distribution contours for different heat-injection temperatures with a con-
stant heat-injection rate of 50 m®/day showed that the outward convex trend along
the injection-production direction with heat injection remained similar, despite the heat-
injection temperature varying from 50 °C to 70 °C and 90 °C (Figure 9). The outward
convex trend was more obvious as heat-injection temperature increased. Saturation of
natural-gas hydrate was 0 around the injection well and was close to 0.5 away from the
injection well, which indicates that natural-gas hydrate fully decomposes in the process
of heat-injection production of natural-gas hydrate. The decomposition zone was clearly
narrow at the top and wide at the bottom, indicating that decomposition of natural-gas
hydrate was faster below the reservoir and slower above. The non-decomposition zone
gradually decreased as the simulation time advanced, and the non-decomposition zone
was smaller when the heat-injection temperature was higher.

Saturation-distribution contours for different heat-injection rates with a constant heat-
injection temperature of 90 °C showed that the outward convex trend along the injection-
production direction with heat injection remained similar, despite the heat-injection tem-
perature varying from 10 m3/day to 30 m3/day and 50 m?/day (Figure 10). The outward
convex trend was more obvious as heat-injection rate increased. The decomposition zone
increased as the simulation time advanced, and the decomposition zone was larger when
the heat-injection rate was higher.

3.2.3. Decomposition Front

The decomposition of natural-gas hydrate is not of the piston type. There was narrow
area where decomposition occurred and saturation of natural-gas hydrate changed steeply
from 0.5 to 0 in a narrow area. The area where there is a rapid increase in saturation distri-
bution, and where the natural-gas hydrate is decomposing, is defined as decomposition
front. The decomposition front occurs due to the rapid increase in temperature of the heat
injection. This is an instantaneous contact process that takes place during heat injection,
and the decomposition gas and water flow rapidly away from the decomposition front
under certain pressure differences. Comparing coordinates of the decomposition front
with coordinates of the temperature distribution, it can be seen that the contours with
temperatures of 15-17 °C coincided with the decomposition front, which indicates that the
temperature at the decomposition front was about 15-17 °C.

With the increase in the heat-injection rate at constant heat-injection temperature,
the decomposition front moves faster, but the amplitude decreases (Figure 9), which is
due to the fact that the higher the heat-injection rate, the more heat is obtained by the
reservoir, and the faster the decomposition front moves. With the increase in heat-injection
temperature at constant heat-injection rate, the decomposition front moved faster while the
heat loss to the surrounding strata increased as the heat injection rate decreased, therefore,
the decomposition front moved faster but the amplitude decreased (Figure 10). The reason
for this is that the higher the heat-injection temperature, the greater the heat loss and the
less heat available for hydrate decomposition.

From the perspective of saturation distribution of natural-gas hydrate, the reservoir
can be divided into three different areas: hydrate area (saturation of natural-gas hydrate is
close to the initial value of 0.5), gas/water/hydrate area (saturation of natural-gas hydrate
is between 0 and 0.5), and gas/water area (saturation of natural-gas hydrate is 0). From the
perspective of the decomposition front, the reservoir can be divided into three different
areas: the non-decomposition zone, the decomposing zone, and the decomposition zone.
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Figure 10. Saturation distribution for different heat-injection rates. (a) Q;, = 10 m3/day after 2 days;
(b) Qi = 10 m®/day after 10 days; (c) Q;, = 10 m3/day after 50 days; (d) Q;, = 30 m?/day after 2 days;
(e) Q;, =30m3/ day after 10 days; (f) Q;, = 30 m3/ day after 50 days; (g) Q;, = 50 m3/ day after 2 days;

(h) Q;, =50 m3/ day after 10 days; (i) Q;,, = 50 m3/ day after 50 days.

Area share is proposed to characterize the decomposition characteristics of natural-gas
hydrate. The total of the area share of the non-decomposition zone, the decomposing
zone, and the decomposition zone is 100%. Area share of the decomposing zone, i.e.,
the dissociation front, is fixed at 1% due to the small area share and large morphological



Processes 2023, 11, 2349

17 of 20

variation. Area share of the decomposing zone changes because of decomposition of
natural-gas hydrate in the process of heat-injection production.

Area share of the decomposition zone of different heat-injection rates and heat-injection
temperatures at the same comparison point (Figure 11) shows that area share of decompo-
sition zone was highest when the heat-injection rate was 50 m3/day and the heat-injection
temperature was 90 °C, which means that decomposition of hydrate was better with a higher
heat-injection rate and higher heat-injection temperature. Meanwhile, area share of decomposi-
tion zone was lowest with the highest heat-injection temperature of 90 °C, while heat-injection
rate was lowest at 10 m3/ day, which indicates that, to some extent, heat-injection rate has
more influence on decomposition of hydrate than heat-injection temperature.
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Figure 11. Area share of decomposition zone at different comparison points.

Area share of the decomposition zone for different heat-injection temperatures with a
constant heat-injection rate of 50 m®/day at the same comparation point (Table 1) shows
that area share of decomposition zone after 2 days of heat injection was 9.025%, 14.042%,
and 19.085% with heat-injection temperatures of 50 °C, 70 °C, and 90 °C, respectively,
and the increase extent was 155.587% and 135.908%. Area share of the decomposition
zone at other comparison points also showed a similar pattern of variation, i.e., area share
of decomposition zone increased as heat-injection temperature increased, but the rate of
increase reduced. High heat-injection temperature does not play a more significant role than
heat-injection rate in promoting the decomposition of natural-gas hydrate. When the heat-
injection temperature was higher than 90 °C, the area share of decomposition zone did not
increase significantly. The reason for this is that the higher the heat-injection temperature,
the greater the heat loss, meaning that less heat will be available for hydrate decomposition.

Table 1. Area share of decomposition zone for different heat-injection temperatures.

Comparation Point

Heat-Injection Rate

Area Share (%)

Decomposing Zone Non-Decomposition Zone Decomposition Zone Increase Extent
Qin = 10 m®/day 90.592 8.408 /
After 2 days Qin = 30 m®/day 86.695 12.305 146.341
Qiy =50 m®/day 79.915 19.085 155.096
Qin = 10m3/day 68.763 30.237 /
After 10 days Qin = 30 m®/day 1 58.902 40.098 132.612
Qin =50 m®/day 44.703 54.297 135.409
Qin = 10 m3/day 33.458 65.542 /
After 50 days Qin =30 m3/day 19.341 79.659 121.539
Qin =50 m®/day 1.797 97.203 122.024

Area share of the decomposition zone for different heat-injection rates with a constant
heat-injection temperature of 90 °C at the same comparison point (Table 2) shows that the
area share of the decomposition zone increased as the heat-injection rate increased. Area
share of the decomposition zone after 2 days of heat injection was 8.408%, 12.305%, and
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19.085% when the heat-injection rate was 10 m3/day, 30 m>/day, and 50 m?/day, respec-
tively, and the increase extent was 146.341% and 155.096%. Area share of the decomposition
zone at other comparison points showed a similar pattern of variation, i.e., area share of
decomposition zone increased as heat-injection rate increased, and the increase extent also
increased. The high heat-injection rate had a more significant effect than heat-injection
temperature in promoting the decomposition of natural-gas hydrate.

Table 2. Area share of decomposition zone for different heat-injection rates.

Comparation Point

Heat-Injection Rate

Area Share (%)

Decomposing Zone Non-Decomposition Zone Decomposition Zone Increase Extent
Qin = 10 m®/day 90.592 8.408 /
After 2 Days Qin =30 m3/day 86.695 12.305 146.341
Qiy =50 m®/day 79.915 19.085 155.096
Qin = 10 m®/day 68.763 30.237 /
After 10 Days Qin =30 m®/day 1 58.902 40.098 132.612
Qin =50 m®/day 44.703 54.297 135.409
Qin = 10 m®/day 33.458 65.542 /
After 50 Days Qin =30 m3/day 19.341 79.659 121.539
Qin =50 m®/day 1.797 97.203 122.024

4. Conclusions

)

@)

®)

Final cumulative production was approximately equivalent for different heat-injection
temperatures and heat-injection rates as there was sufficient injection heat to ensure
complete decomposition of hydrate in reservoir. Cumulative production reached a
maximum within fewer days for higher heat-injection temperature or heat-injection
rate. Daily production for different heat-injection temperatures and heat-injection rates
showed a similar pattern of variation, with daily production rising rapidly to a peak at
the beginning, gradually decreasing to a certain value, then showing a certain magnitude
of increase, and then decreasing slowly until the final daily gas production was 0 m?/day.
Temperature distribution and saturation distribution are introduced to characterize the
decomposition characteristics of natural-gas hydrate in the process of heat-injection
production. The temperature-distribution contours were similar for different heat-
injection temperatures or different heat-injection rates, and the temperature-distribution-
contours’ sparsity could be seen as “sparse-dense-sparse” as the distance to the injection
well increased. The high-temperature area became larger as the heat-injection rate
increased. The saturation-distribution contours showed an outward convex trend along
the injection-production direction with heat injection, and the outward convex trend
was more obvious as heat-injection temperature and heat-injection rate increased.

The reservoir could be divided into three different areas—decomposition zone, de-
composing zone, and non-decomposition zone—by the decomposition front, with the
decomposition gas and water flowing rapidly away from the decomposition zone under
certain pressure differences. Saturation had a steeply changing area i.e., the decomposi-
tion front occurred due to the rapid temperature increase in the instantaneous contact
process of heat injection, and the temperature of the decomposition front was about
15-17 °C. With the increase in the heat-injection temperature, the decomposition front
moved faster, the area share of decomposition zone increased, but the increase extent
decreased. With the increase in the heat-injection rate, the decomposition front moved
faster, the area share of decomposition zone increased, and the increase extent increased.
The high heat-injection rate had a more significant effect than heat-injection temperature
in promoting the decomposition of natural-gas hydrate.
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