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Abstract: Natural gas hydrate (NGH) is a kind of clean energy with great potential because of
its huge reserves. There are several effective methods for exploiting hydrate sediments such as
depressurization, thermal excitation, inhibitor injection and displacement, etc. Among these methods,
the combined depressurization and heat injection method is considered a very promising method,
which solves the problem of insufficient heat supply during the depressurization process. In this
paper, the mechanism of combined depressurization and heat injection exploitation of NGH is
analyzed, and the multiphase flow models of the injection well and production well are established,
respectively, for the parallel horizontal NGH well production system with this combined method. The
multiphase flow laws of fluids in a wellbore were obtained, and the factors affecting the temperature
and pressure distributions in the wellbore were analyzed. The results of this study show that gas and
water are produced simultaneously in the process of exploitation with this combined depressurization
and heat injection method. The electric submersible pump has a great influence on the flow of the
fluids in the wellbore, and there are sudden skips of the temperature and pressure at the pump
position. Increasing the depth and working frequency of the pump will reduce the risk of continuous
discharge of water from the annulus. Increasing the injection rate and injection temperature can
both improve the effect of heat injection. This study provides theoretical guidance for the combined
extraction with depressurization and heat injection method and production optimization of NGH.

Keywords: natural gas hydrate; depressurization and heat injection; parallel horizontal wells;
multiphase flow

1. Introduction

Natural gas hydrate (NGH), commonly known as combustible ice, is an ice-like crys-
talline substance formed by natural gas and water under high pressure and low temperature
conditions, which exists in marine deposits and permafrost [1]. As a kind of clean energy
with huge reserves, it is very promising to become an alternative energy source for oil and
natural gas in the future. NGH trials have been conducted in some places in the world
with different exploitation methods, such as several production tests in the Mallik Methane
Hydrate Deposits in Canada with depressurization and thermal stimulation methods [2],
the CO2-CH4 displacement test at Alaska North Slope in America [3], two NGH produc-
tion trials in Nankai Trough offshore of Japan with the depressurization method [4,5], the
offshore production test in Shenhu area with the depressurization method [6], and the
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solid fluidization exploitation test in Liwan filed in the South China Sea [7], etc. The two
NGH production trials in Nankai Trough offshore of Japan [4,5] and the trial practice in
the Shenhu area of China [6] have proved that depressurization is an effective gas hydrate
exploitation method. However, there are still some problems such as low thermal con-
ductivity and insufficient heat supply to the formation with this single depressurization
method, reducing the hydrate decomposition rate and the effectiveness of NGH extrac-
tion. In contrast, the combined depressurization and heat injection method can solve the
core problem of insufficient heat supply in the depressurization exploitation process by
injecting hot fluid and can promote more efficient extraction of NGH. During the process
of exploitation of NGH with the combined depressurization and heat injection method,
the flow behavior of wellbore fluids is complicated and can influence the effect of the
combined exploitation of NGH. Therefore, it is necessary to clarify the fluid flow laws
in the wellbore to improve the heat injection effect of NGH exploitation and optimize
production parameters.

Current studies on the flow behavior of wellbore fluids in NGH production wells
with the combined depressurization and heat injection method have mainly focused on
laboratory experiments and numerical simulations at the reservoir level. Konno et al.
conducted several gas production tests at various depressurization schemes and drew
the conclusion that appropriate heat of hydrate bearing is a key factor for dissociating
hydrate [8]. Li et al. used a pressure vessel to compare the dynamics of a dual horizontal
well system with different well placement styles induced by steam injection [9]. Jin et al.
developed experimental techniques to determine the hydrate dissociation front by com-
bining depressurization and hot brine stimulation and numerical techniques to confirm
that the combined method with depressurization and thermal stimulation can yield more
gas than depressurization alone [10]. Zhao et al. employed numerical simulation to prove
that a single vertical well with the depressurization method is less effective for gas hydrate
in Qilian Mountain permafrost and suggested a horizontal well design or the combination
of depressurization and thermal stimulation for hydrate gas production [11]. Moridis et al.
used TOUGH+HYDRATE software to simulate the dynamics of the single-well design for
simultaneous heat addition for a gas production system and the two-well design for a gas
production system with hot water injection [12]. Many experiments were performed to study
the multiphase flow in oil and gas production wells [13–16]. Hasan et al. built the model
for computing the countercurrent flow of heat in tubing and annulus systems [17]. Several
scholars analyzed the multiphase flow during the drilling of NGH reservoirs [18–20]. Ping
et al. established the wellbore flow model of ESP-lifted depressurized NGH production wells
with dedicated gas/water lines and a mixing-delivery line [21].

However, there are relatively few studies on the flow behavior of the fluids in a
wellbore during NGH exploitation with the combined depressurization and heat injection
method reported in the published literature. The flow behavior of fluids in the wellbore is
complicated and can influence the effect of NGH exploitation. Therefore, it is necessary
to establish the multiphase flow models of the injection well and production well for the
NGH well production system with this combined method and analyze their flow laws to
find out the factors affecting the effect of heat injection and carry out the optimization of
hydrate production.

In this paper, the multiphase flow models of the injection well and production well
were established, respectively, for the parallel horizontal NGH well production system,
considering the heat source superposition theory and the heat change caused by hydrate
dissociation and Joule–Thomson effect in the temperature calculation model. The finite
difference iterative method was applied to solve the mathematical multiphase flow model of
the NGH well with the combined depressurization and heat injection method. The purpose
of this research is to figure out the flow laws of wellbore fluid of the NGH well with
the combined depressurization and heat injection method and to analyze the influencing
factors of temperature and pressure distributions in the production well and injection well
to optimize the production of NGH wells and injection parameters. The objectives of this
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paper are to optimize the pump depth and frequency to reduce the risk of continuous
water outflow from the annulus of the production well and to improve the injection effect.
This study lays the foundation for combined extraction with the depressurization and heat
injection method and production optimization of NGH wells.

This paper is organized as follows. The mechanism of the combined depressurization
and heat injection method of NGH exploitation is investigated in Section 2. The mul-
tiphase flow models of the parallel horizontal NGH well production system with this
combined method are developed separately in Section 3. The models were solved, and
their applications are analyzed and discussed in Section 4.

2. Mechanism Study
2.1. Mechanism of Combined Depressurization and Heat Injection Method of NGH Exploitation

The depressurization exploitation method controls the dissociation of hydrate by
changing the pressure in the reservoir, which is easy to operate and suitable for the develop-
ment of hydrate reservoirs where an underlay free gas zone exists. However, this method
becomes less effective when there is no free gas in the lower part of the hydrate reservoir.
In addition, this method is limited by two key factors, which are reservoir permeability and
heat supply, and may even cause formation sand failure and formation instability during
the depressurization exploitation process. In order to avoid problems such as reduced
gas production capacity caused by the change in formation conditions at the late stage of
hydrate development and insufficient energy due to the decrease in formation temperature
and hydrate reformation near the bottom of the wellbore, it is necessary to supplement
enough heat to the reservoir. The heat injection method is performed by injecting hot fluid
into the reservoir, which has little impact on the environment. However, due to heat loss in
the transfer process, the heat injection method is rarely used alone and is generally used
as an auxiliary means in conjunction with other exploitation methods. The combined de-
pressurization and heat injection method integrates the advantages of the depressurization
method and the thermal stimulation method to make up for the shortcomings of the single
depressurization method or the thermal stimulation method, with depressurization as the
main method and heat injection as the auxiliary method.

For deep sea environments, the temperature of seawater gradually decreases with
the increase in depth when the water depth is greater than 200 m. The section from the
thermocline to the seafloor is the constant temperature layer, with a temperature range
of 2–6 ◦C. Influenced by the heat transfer between the seawater and wellbore, the heat
loss in the wellbore section is great when exploiting gas hydrate in the sea area using
the heat injection method, and the thermal fluid injected into the reservoir cannot play
the role of heating effectively, so the insulated casing is needed to solve the problem of
wellbore insulation. Therefore, the combined depressurization and heat injection method is
suitable for onshore NGH exploitation in the permafrost zone. The NGH production test of
the 5L-38 well was conducted successfully with 470 m3 gas production accomplished in
Canada using the combined depressurization method and hot water circulation method [2],
verifying the feasibility of the combined exploitation method with depressurization and
heat injection.

2.2. Mechanism of Parallel Horizontal Wells in NGH Reservoirs

Several research results have shown that the parallel horizontal NGH well production
system with the combined depressurization and heat injection method is more effective
than exploitation with single horizontal wells or vertical wells [9,11,12,22]. According
to the different methods of well placement, the dual horizontal well production system
for the combined exploitation of the NGH reservoir with the depressurization and heat
injection method can be divided into two types. One is that the production well is located
in the upper part of the injection well (Figure 1); the other is that the production well is
located in the lower part of the injection well, similar to SAGD (steam-assisted gravity
drainage). After hot water is injected into the injection well, heat is released to stimulate
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the gas hydrate reservoir, which dissociates into gas and water flowing into the production
well together, as shown in Figure 1. During the production process, the pressure of the
system slowly decreases, which further promotes the dissociation of gas hydrates. Due to
the low density of natural gas, it will migrate upward, and water will migrate downward;
therefore, a dual horizontal NGH well production system with the injection well located in
the lower part of the production well can produce more natural gas and less water than a
dual horizontal well production system with the injection well located in the upper part of
the production well.
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Figure 1. Schematic diagram of parallel horizontal NGH well production system with the combined
depressurization and heat injection method.

3. Model Assumptions and Establishment

Based on the model assumptions of a designed parallel horizontal NGH well pro-
duction system lifted by a flexible electrical submersible pump (ESP) with the combined
depressurization and heat injection method, the multiphase flow models of the injection
well and production well were established, respectively.

3.1. Model Assumptions

The hot water injection well is located in the lower part of the production well in
the parallel horizontal NGH well production system with the combined depressurization
and heat injection method. As shown in Figures 2 and 3, the horizontal section of the hot
water injection well and production well are completed using screens. Hot water is injected
through the toe and screen of the injected well into the surrounding reservoir, and then it
decomposes into gas and water under the effect of thermal stimulation. The decomposed
gas and water and the injected hot water enter the wellbore through the toe and screen of
the production well, ignoring the effect of solid particles of NGH on the multiphase flow in
the wellbore. In order to meet the requirements of gas hydrate drainage and dogleg degree
of the horizontal well, a flexible ESP is used to lift the gas and water in the NGH well, as
shown in Figure 3. ESP can draw water from the formation and well to lower the water
level and decompose the gas hydrate by depressurization, while the hot water injection
well can supplement heat formation to promote the dissociation of the hydrate reservoir.
After the combined extraction of NGH, the decomposed natural gas, water, and part of the
injected hot water flow from the bottom of the well to the entrance of the ESP with gas and
water produced together. When flowing through the separator of ESP assembly, gas and
water are separated, and the gas enters the annulus and then flows upward to the wellhead,
while the water enters the tubing after being pressurized by the pump and finally flows
toward the wellhead.
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3.2. Mass Balance Equation

Considering the structure of the pipe and the flow process of the fluid inside the
wellbore, the mass balance equations of single-phase flow for the hot water injection well
and gas–liquid two-phase flow for the NGH production well are established, respectively.

For hot water injection wells, the injected water in the tubing flows downward, which
can be considered a single-phase flow. According to the principle of mass conservation, the
mass balance equation for the hot water injection well is shown in Equation (1).

∂ρwi
∂t

+
∂(ρwiνwi)

∂z
= 0; (1)

For the dual horizontal NGH well production system with the depressurization and
heat injection method, the injected water is drained back through the wellbore, and natural
gas and water decomposed from the gas hydrate reservoir also flow into the wellbore.
According to the principle of mass conservation, the equation of continuity of the gas phase
in the NGH production well is shown in Equation (2).

∂(ρgEg)

∂t
+

∂(ρgEgνg)

∂z
= qg; (2)

The mass balance equation of the liquid phase in the NGH production well is shown
in Equation (3).

∂(ρlEl)

∂t
+

∂(ρlElνl)

∂z
= qwp; (3)

where:
Eg + El = 1; (4)
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3.3. Momentum Conservation Equation

Based on the mass balance equation and the law of conservation of momentum, the
wellbore pressure drop model for a hot water injection well can be obtained, as shown in
Equation (5).

−dPi
dz

=
∂(ρwiνwi)

∂t
+

∂(ρwiν
2
wi)

∂z
− gρwi cos θ +

2 frρwiν
2
wi

di
; (5)

The pressure drop of the gas–liquid mixture in the NGH production well can be
expressed by Equation (6).

−
dPp

dz
=

∂(ρmνm)

∂t
+

∂(ρmν2
m)

∂z
+ gρm cos θ +

2 frρmν2
m

dp
; (6)

The increased pressure generated by ESP at the location of the pump needs to be taken
into account in the pressure drop model.

Chen relation is used to calculate the friction factor of the pipe, due to its good
adaptability to different Re and ε/D [23].

1√
fr

= −2.0 log[
ε

3.7065D
− 5.0452

Re
log(

1
2.8257

(
ε

D
)

1.1098
+

5.8506
Re0.8981 )]; (7)

3.4. Energy Conservation Equation

The processes of formation heat transfer in the vertical and inclined well segment
include convective heat transfer inside the tubing, heat conduction of tubing surface,
radiation heat transfer between the tubing and annulus, heat conduction of casing surface,
heat conduction of cement sheath, and non-stationary heat transfer in the formation section.
The Willhite model was used to calculate wellbore heat loss between tubing fluid and
formation [24,25], as shown in Equation (8). The temperature increase caused by the pump
and motor needs to be considered at the location of ESP.

dQ
dz

=
2πrtoUtoke

ke + rtoUtoTD
(Tf − Te); (8)

Here, the overall heat transfer coefficient between the wellbore and the formation is
expressed by Equation (9).

1
Uto

=
rto

rtiht
+

rto ln(rto/rti)

kt
+

1
(hc + hr)

+
rto ln(rco/rci)

kcas
+

rto ln(rcf/rco)

kcem
; (9)

The process of formation heat transfer in the horizontal well segment includes con-
vective heat transfer of fluid inside the screen, heat conduction of the screen surface, and
non-stationary heat transfer in the formation section. The interaction effect of tempera-
ture changes between the upper and lower horizontal wells needs to be considered when
calculating the heat loss of the horizontal well section. According to the heat source super-
position theory [26] and the heat change caused by hydrate dissociation and Joule–Thomson
effect, the temperature distribution models at different positions in the horizontal section
of injection and production wells in the exploitation process of NGH with the combined
depressurization and heat injection method can be written as:

T − T0 = −dQ1/dz
4πk1

Ei(− r2

4λα1t1
)− dQ2/dz

4πk2
Ei(− r2

4λα2t2
) +

dQH
cp

; (10)

3.5. Auxiliary Equation

The physical properties of natural gas along the wellbore were calculated using the
Peng–Robinson equation of state [24], such as density, fugacity, Z-Factor, etc.
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According to the Kim–Bishnoi model, the rate of hydrate dissociation is proportional
to the total surface area of the particles and the driving force. Combined with the Arrhe-
nius equation [27], the equation of gas hydrate dissociation rate can be obtained in the
following expression:

rh = kc Ai exp(−∆E
RT

)(Peq − P); (11)

The dissociation process of hydrates is endothermic, which leads to a continuous
decrease in reservoir temperature. It is negative when the hydrate decomposes and positive
when it generates. The heat generated by the dissociation of hydrates can be obtained using
the Clausius–Clapeyron equation [28].

∆H = −ZR
d ln(p)
d(1/T)

; (12)

4. Results and Discussion
4.1. Main Parameters for Simulation

The physical parameters of the reservoir are derived from the Muli mineral district
in Qilian Mountain permafrost in Qinghai Province. Fracture-filling and pore-filling are
the two main types of gas hydrate present in this area, and the lithologies of the reservoir
are mainly siltstone, oil shale, mudstone, and fine sandstone, with a small amount of
medium-grained sandstone. The permafrost layer is 160 m thick, and the average surface
temperature is −2 ◦C. The gas hydrate stability zone is 107 m thick with an average
temperature of about 12 ◦C. The NGH production system is constructed with two horizontal
wells, with an injection well positioned 10 m above the production well. The same string
type is used for well injection and production, and the lifting technique is a flexible ESP
with a designed pump depth of 450 m. The basic parameters for the injection well and
the production well are listed in Table 1, and the other main parameters of the model are
shown in Table 2.

Table 1. Basic parameters for the injection well and the production well.

Well Type
Measured

Depth of Point
A (m)

Vertical Depth
of Point A (m)

Horizontal
Section Length

(m)

Casing Size
(mm)

Tubing Size
(mm)

Screen Size
(mm)

Injection well 550 440 400 244.5 73 177.8

Production well 530 430 400 244.5 73 177.8

Table 2. Main parameters for simulation.

Parameter Value Parameter Value

Thickness of reservoir (m) 160 Porosity of reservoir 0.35
Permeability of reservoir (md) 0.068 Surface temperature (◦C) −2

Rock density (kg/m3) 2650 Initial saturation of water 0.3
Initial pressure of reservoir (MPa) 5.1 Initial saturation of hydrate 0.68

Earth thermal conductivity (W/m/K) 2.1 Gas flow rate (m3/d) 20,000
Tubing thermal conductivity (W/m/K) 40 Water flow rate (m3/d) 100
Casing thermal conductivity (W/m/K) 40 Surface injection rate (m3/d) 100
Cement thermal conductivity (W/m/K) 1.1 Gas-specific gravity 0.65

Geothermal gradient (◦C/100m) 3.2 Depth of production well (m) 920
Bottom-hole temperature (◦C) 12 Depth of injection well (m) 938

Surface injection temperature (◦C) 60 Injection pressure (MPa) 3
Gas–water separation efficiency 0.95 Depth of ESP (m) 450

Flowing pressure at bottom (MPa) 3 ESP frequency (HZ) 55
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4.2. Analysis of Multiphase Flow Law in Wellbore

The mathematical multiphase flow model of the NGH well with the combined de-
pressurization and heat injection method is composed of Equations (1)–(12). The finite-
difference method was adopted to solve the iterative problem, and the flowchart for
computing these models is presented in Figure 4. Distribution curves of the wellbore pres-
sure and temperature of the injection well and production well and the gas volume fraction
of the production well can be obtained (Figures 5–7). The calculation results show that the
flow of the hot water injected into the wellbore is a single-phase flow, and the flow in the
NGH production well is a gas–liquid two-phase flow. The pressure and temperature drop
faster in the vertical wellbore section and change little in the horizontal wellbore section
of the injection well and the NGH production well, as shown in Figures 5 and 6. This is
because there is no gravity effect on the horizontal section in this model, and the ambient
temperature field around the reservoir changes little. The flow pattern from the bottom of
the well to the entrance of the pump is slug flow with insignificant change in gas volume
fraction. The flow pattern of the fluid from the pump discharge to the wellhead section is
bubble flow. Due to the separation effect of the gas separator and the pressurization effect
of the pump, the gas volume fraction in the tubing at the ESP discharge location decreases
sharply and gradually increases during the flow to the wellhead, as shown in Figure 7.
However, the gas volume fraction in the annulus increases suddenly at the pump discharge
location and gradually increases during the upward flow to the dynamic liquid level. The
flow law of the fluid in the annulus is affected by the wellhead casing pressure. Increasing
the wellhead casing pressure and lowering the dynamic fluid level can reduce the risk of
continuous water discharge from the annulus of the NGH production well.
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4.3. Analysis of the Influence of Temperature and Pressure Distributions in the Injection Well

Parameter sensitivity analysis and optimization of injection parameters were per-
formed using the wellbore multiphase flow calculation model. The analysis results show
that the increase in injection rate has a greater impact on the wellbore temperature distribu-
tion, followed by the increase in injection temperature, as shown in Figures 8 and 9, while
the increase in injection pressure has no impact on the wellbore temperature distribution.
The increase in injection rate and injection pressure has no effect on the wellbore pressure
distribution of the injection well, while the increase in injection pressure will affect the
wellbore pressure distribution of the injection well (Figure 10). Therefore, increasing the
injection rate and injection temperature can both improve the heat injection effect, among
which increasing the injection rate has a better heat injection effect.
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4.4. Analysis of the Influence of Pressure Distributions in the Production Well

The flexible ESP is used to lift NGH in the process of combined exploitation with the
depressurization and heat injection method. In the process of gas drainage recovery with
ESP technology, gas and water are produced together. ESP has a great influence on the
flow law of the fluid in the NGH production well, and sudden changes in temperature and
pressure occur at the location of the pump (Figures 5, 6, 11 and 12). When the pump depth
increases, the flow pressure at the bottom of the well decreases and the dynamic fluid level
drops, thus reducing the risk of water discharge from the annulus, as shown in Figure 11.
As the pump frequency increases, the flowing pressure at the bottom of the well decreases,
resulting in an increase in water production from the tubing and a decrease in the dynamic
fluid level in the annulus, thereby reducing the risk of continuous water outflow from the
annulus, as illustrated in Figure 12.
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4.5. Risk Analysis of Hydrate Reformation in the Wellbore

According to the Chen–Guo phase equilibrium prediction model, hydrate formation
conditions can be predicted with an equation of state to calculate the fugacity of the
components for NGH [29], as shown in Figure 13. According to the pressure distribution of
the wellbore, the corresponding equilibrium temperature can be calculated and compared
with the predicted temperature distribution of the wellbore based on the multiphase flow
models. The calculation results show that the risk of hydrate reformation is highest at
the pump discharge outlet (Figure 14), which is mainly due to the increase in the phase
equilibrium temperature at the pump outlet caused by the pressurization effect of the pump.
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5. Conclusions

(1) The combined depressurization and heat injection method is suitable for onshore
NGH exploitation in the permafrost zone. The dual horizontal NGH production
system with the combined depressurization and heat injection method can produce
more gas and less water than the production system with the injection well below the
production well and with the injection well above the production well due to gravity.

(2) Gas and liquid are extracted together in the production well in the process of combined
depressurization and heat injection exploitation of NGH. ESP has a great influence
on the flow law of the fluids in the production well, and temperature and pressure
change abruptly at the position of ESP. Increasing the casing pressure of the wellhead,
pump depth, and ESP working frequency can reduce the risk of continuous water
production in the annulus in the production well.
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(3) Increasing the injection rate and injection temperature can both improve the heat
injection effect, while increasing the injection rate has a better heat injection effect.

(4) The risk of hydrate reformation in the pump discharge is the greatest in the wellbore
due to the pressurization effect of the pump.
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Nomenclature

ρwi The density of the injected water, kg/m3;
νwi The velocity of the injected water, m/s;
t Time, s;

ρl
The density of the water produced by the dissociation of the hydrate reservoir into
the production well, kg/m3;

ρg
The density of the gas produced by the dissociation of the hydrate reservoir into the
production well, kg/m3;

El Liquid holdup in the production well, dimensionless;
Eg Gas holdup in the production well, dimensionless;
νl Liquid velocity in the production well, m/s;
νg Gas velocity in the production well, m/s;

qg
Mass flow rate of the gas decomposed from the hydrate reservoir per unit volume,
kg/(m3·s);

qwp
Mass flow rate of the water decomposed from the hydrate reservoir per unit volume,
kg/(m3·s);

Pi Pressure of the fluid in the injection well, MPa;
Pp Pressure of the fluid in the production well, MPa;
ρm Density of the mixed fluid in the production well, kg/m3;
νm Velocity of the mixed fluid in the production well, m/s;
fr Fanning friction factor, dimensionless;
di Inside diameter of the injection well, m;
dp Inside diameter of the production well, m;
D Diameter of the wellbore, m;
ε Roughness of the wall, m;
Re Reynolds number, dimensionless;
dQ/dz Heat transfer rate, J/m;
Uto Overall heat transfer coefficient, J/m;
rto Tubing outside diameter of the injection and production wells, m;
rti Tubing inside diameter of the injection and production wells, m;
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rco Casing outside diameter of the injection and production wells, m;
rci Casing inside diameter of the injection and production wells, m;
rcf Cement sheath outside diameter of the injection and production wells, m;
ht Forced-convection heat transfer coefficient for the tubing fluid, W/(m2·K);
hc Convective heat transfer coefficient for annulus fluid, W/(m2·K);
hr Radiative heat transfer coefficient for the annulus, W/(m2·K);
kt Tubing thermal conductivity, W/(m·K);
kcas Casing thermal conductivity, W/(m·K);
kcem Cement thermal conductivity, W/(m·K);
dQ1/dz Heat loss rate of the horizontal section of the injection well, J/m;
dQ2/dz Heat loss rate of the horizontal section of the production well, J/m;
k1 Thermal conductivity of the rock matrix around the injection well, W/(m·K);
k2 Thermal conductivity of the rock matrix around the production well, W/(m·K);
α1 Thermal diffusion coefficient of the rock matrix around the injection well, m2/s;
α2 Thermal diffusion coefficient of the rock matrix around the production well, m2/s;
t1 Heat injection time, day;
t2 Heat injection time, day;

QH
Heat changes caused by the decomposition of natural gas hydrates and Joule–Thomson
effect, J;

cp Heat capacity at constant pressure, J/K;
rh Decomposition rate of hydrates, m3/min;
kc Decomposition rate constant of hydrates, kc = 1.24 × 1011 mol/(m2·MPa·s);
Ai Total surface area of hydrate particles, m2;
∆E Activation energy, ∆E = 78.3 kJ/mol;
R Ideal gas constant, R = 8.314 J/(mol·K);
T Temperature, K;
Peq Pressure under phase equilibrium conditions, MPa;
P Pressure, MPa;
∆H Dissociation enthalpies of hydrates, J/mol.
Abbreviations and symbols
NGH Natural gas hydrate;
ESP Electric submersible pump;
SAGD Steam assisted gravity drainage.
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