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Abstract: The effectiveness of horizontal well drilling in improving the gas recovery efficiency of
hydrate production makes it a promising technology for commercial exploitation. However, during
horizontal well drilling in hydrate reservoirs, it is crucial to control hydrate dissociation to ensure the
reservoir stability and drilling safety. In this work, a two-dimensional model using polar coordinates
was built to study the influences of hydrate reservoir characteristics and drilling fluid salinity on gas
production. The simulation applies to the hydrate reservoir of the second natural gas hydrate (NGH)
production test in the Shenhu area of the South China Sea. The characteristics of hydrate dissociation
and secondary formation and the drilling invasion behavior in the NGH layer and the mixing layer
(free gas + hydrate) during horizontal well drilling were analyzed and compared. The simulation
results indicated that the pressure and temperature transmission rates in the mixing layer (free gas +
hydrate) are higher than those in the NGH layer. The invasion amount of drilling fluid in the mixing
layer is 18.8 times more than that in the NGH layer. Under the high invasion of the drilling fluid, the
hydrate dissociation amount in the mixing layer is similar to that of the NGH layer even though the
initial hydrate saturation of the NGH layer was 2.65 times that of the mixing layer. The area of the
hydrate dissociation in the mixing layer is much larger than that in the NGH layer, which may lead
to the increase in risk of wellbore instability. The secondary hydrate formation is only observed in
the NGH layer, which inhibits the drilling fluid invasion. The salinity of the drilling fluid has a more
significant impact on the hydrate dissociation near the wellbore in the mixing layer compared to the
NGH layer. With the increase in salinity from 3.05 wt% to 20 wt%, the hydrate dissociation range in
the mixing layer increases from 0.16 m to 0.23 m, while the hydrate dissociation range in the NGH
layer does not significantly change.

Keywords: natural gas hydrate; horizontal well; drilling process; reservoir property; hydrate dissociation

1. Introduction

Natural gas hydrate (NGH) is widely distributed in permafrost and marine sedi-
ments. It has been considered as a potential unconventional energy source in the future
due to its vast reserves and high energy density [1]. To exploit NGH resources, scholars
have proposed various production methods, such as depressurization [2,3], thermal stim-
ulation [4,5], chemical injection [6,7], and CO; replacement [8]. Depressurization is the
reduction of pressure around wellbore by pumping water or gas from the formation, which
is widely used. Thermal stimulation raises the temperature of the NGH region above the
phase-equilibrium temperature. The hydrate phase equilibrium is also affected by thermo-
dynamic inhibitors, so chemicals can be injected to exploit NGH. The main consequence of
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CO; replacement is to drastically reduce the dissociation of hydrate structures, which is to
ensure the stability of the reservoir. Several countries have carried out field exploration
tests to exploit NGH [9-14]. In 2017 and 2020, China carried out hydrate exploration with
depressurization in the Shenhu area of the South China Sea, using both vertical wells and
horizontal wells, demonstrating the feasibility of NGH exploitation in clayey silt reser-
voirs [13]. The results of the production test showed that horizontal wells can achieve an
average daily gas production 5.57 times higher than that of vertical wells [14].

Horizontal wells can effectively accelerate the propagation speed of temperature
and pressure, extend the contact length between the wellbore and the hydrate reservoir,
and accelerate the production of gas and water, thus realizing pressure reduction more
quickly and improving the speed of hydrate exploration [15-19]. Therefore, horizontal
well drilling technology is considered highly promising for the commercial exploitation
of NGH [14]. The research also showed that hydrate exploration using horizontal wells
has challenges such as high water production, difficult drilling, reservoir subsidence,
and obvious geological settlement affecting the pressure drop rate, and wellbore stability
issues have been discovered [20-23]. The drilling process is essential in ensuring the safe
and sustainable exploitation of hydrates. The NGH reservoirs have unique geological
conditions, shallow buried depth, poor stability, and a complex and difficult drilling
environment [24]. Therefore, it is extremely important to guarantee the stability of the
reservoir during the drilling process [25]. In the process of horizontal drilling, the drilling
length is larger and multiple reservoirs with different characteristics are experienced. The
research on physical properties changes around the wellbore and the patterns of hydrate
dissociation during horizontal well drilling in NGH reservoirs with varying geological
parameters is crucial for achieving safe and controlled exploitation.

In the early stages, extensive research has been conducted on the drilling process of
hydrate reservoirs, mainly through numerical simulation. Freij-Ayoub et al. [26] estab-
lished a coupled numerical model for evaluating wellbore stability in hydrate sediments.
The results showed that higher drilling fluid temperature could increase pore pressure,
leading to hydrate dissociation and ultimately reducing the stability of hydrate reservoirs.
Khabibullin et al. [27] further found that the main parameters influencing hydrate dissocia-
tion are drilling fluid temperature and bottom hole pressure. The increase in drilling fluid
temperature or the decrease in bottom hole pressure could promote hydrate dissociation.
Ning et al. [28,29] used Tough + Hydrate to study the effects of drilling mud properties (the
density, temperature, and salinity) and the effects of geophysical properties of sediments
on the drilling fluid invasion and hydrate stability. They found that the low saturation
and high permeability of the hydrate reservoir are vulnerable to fluid invasion, and high
hydrate saturation zones appear during the process of drilling fluid invasion. Sun et al. [30]
analyzed the wellbore stability problems during the drilling process by numerical simula-
tion. The results showed that the increase in drilling fluid temperature and salinity will
promote hydrate dissociation, resulting in more free gas near the wellbore and an increase
in local pore pressure. Yu et al. [31] built a two-dimensional numerical model to analyze
the behaviors of hydrate dissociation during drilling in hydrate reservoirs, and found that
gas flows into the wellbore during the drilling process. Gao et al. [32] investigated the heat
transfer in hydrate-bearing reservoirs during drilling fluid invasion through experimental
simulation, and found that the higher the reservoir’s initial temperature, the earlier the
hydrate reservoir reaches phase equilibrium and the faster the hydrate decomposes. Huang
etal. [33] carried out experiments to study the drilling process in hydrate-bearing sediments
with different rates of drilling fluid circulation. The results showed that a faster drilling
fluid circulation rate could lead to a faster hydrate dissociation rate, which is detrimental
to wellbore stability. Wei et al. [34] established a wellbore-formation coupled model to
analyze the induced mechanisms of bottomhole pressure drops, wellbore blockages, and
methane emission. The simulation results show that the increase in free gas increases the
possibility of well collapse, hydrate dissociation, and gas intrusion, while low flow rates
can lead to free gas intrusion and wellbore plugging. Huang et al. [35] and Zhang et al. [36]
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respectively established one-dimensional and two-dimensional numerical models of the
drilling fluid invasion process and studied the influences of drilling temperature and salin-
ity as well as permeability on the reservoirs. They found that high-intrinsic permeability
extends the ranges of drilling fluid invasion and hydrate dissociation, and that the higher
temperature of drilling fluid promotes the dissociation of hydrate in the reservoir around
the wellbore, with secondary hydrate formation. Li et al. [37] investigated the effects of
drilling fluid density on both the hydrate dissociation and borehole collapse by building a
coupled model. The results showed that the influence of the drilling fluid invasion process
on the reservoir pressure is much greater than that of temperature. Moreover, the increase
in drilling fluid density could inhibit the hydrate dissociation near the wellbore. Zhao
et al. [38] conducted experiments and numerical simulations to study the temperature
distribution of vertical drilling wells in hydrate layers of the South China Sea. The results
revealed that the well permeability has the most significant impact on well temperature,
while the hydrate saturation has little influence on the well temperature. Li et al. [39]
developed a wellbore stability analysis model, indicating that maintaining drilling fluid
temperature below the formation temperature effectively inhibites hydrate dissociation in
the wellbore area. When the wellbore temperature increases or the pressure decreases, the
dissociation rate of the hydrate near the wellbore accelerates, and the wellbore instability
area will further expand.

In the process of drilling horizontal wells, due to the longer drilling lengths, the
geological conditions become more complex and variable. Several studies have focused
on the drilling safety and wellbore stability of horizontal drilling in hydrate reservoirs.
Wang et al. [40] investigated the impact of drilling fluid invasion on hydrate dissociation
behavior using numerical simulation with varied drilling fluid parameters in a horizontal
well. They found that the drilling fluid temperature has a great influence on hydrate
reservoirs. The increase in salinity accelerates the dissociation of hydrate. Li et al. [41]
established a model to calculate the mud weight window (MWW) for horizontal wells
drilled into hydrate reservoirs, and found that hydrate saturation significantly affects
collapse pressure, but has a small effect on the fracture pressure. Sun et al. [42] studied the
wellbore stability in the process of horizontal well drilling through numerical simulation.
The results showed that the significant increase in the drilling fluid temperature can greatly
affect the wellbore stability, and even lead to the formation of secondary hydrate and
blowout. With the decrease in initial hydrate saturation and irreducible water saturation,
the wellbore instability intensifies, and the low permeability mud cake helps to reduce fluid
loss, thereby enhancing the wellbore stability. Liao et al. [43] established a fully coupled
wellbore-reservoir model for horizontal well drilling in hydrate reservoirs. They found
that the drilling fluid inlet temperature plays an absolute dominant role in the wellbore
extension length. In the process of drilling, the hydrate dissociation and wellbore stability
are also affected by reservoir properties such as permeability, hydrate saturation, porosity,
and gas pressure.

In summary, controlling drilling parameters and fluid properties is crucial for manag-
ing hydrate dissociation near the wellbore, ensuring wellbore stability and maintaining
drilling safety. Currently, extensive research has been conducted on drilling parameters
and fluid properties, with most studies focusing on the vertical well drilling process, with
limited research on horizontal drilling processes, especially under different reservoir char-
acteristics. Therefore, this study aims to address this gap by establishing a two-dimensional
polar coordinate numerical model of horizontal well drilling in the hydrate reservoirs. In
view of the second production test in the Shenhu area of the South China Sea, based on the
relevant geological conditions and parameters, the two-dimensional response characteris-
tics of the temperature, pressure, salinity, and gas-liquid-solid three-phase saturations of
the hydrate reservoir in horizontal well drilling were simulated. The hydrate dissociation
behaviors and physical property changes of the reservoir during horizontal well drilling in
different reservoir layers were investigated. Additionally, the influence of the salinity of
the drilling fluid on the hydrate dissociation in the reservoir was studied.
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2. Geological Setting

The second production test area of China is located in the Baiyun Sag of the Pearl
River Mouth Basin in the northern Shenhu Sea area of the South China Sea, as shown
in the red frame of Figure 1. This area has rich NGH resources, with a relatively thick
hydrate reservoir and high hydrate saturation [14]. The hydrate deposit is located at a
depth of 207-297 m below the seabed, with a water depth of 1225 m. The hydrate is mainly
deposited in the unconsolidated clayey silt within Quaternary. The hydrate reservoir
contains three layers: (1) an NGH layer; this layer consists of solid hydrate and liquid
water, with an average effective porosity of 0.373, average hydrate saturation of 0.31, and
average permeability of 2.38 mD; (2) a mixing layer, comprising solid hydrate, liquid water,
and gaseous hydrocarbon; this layer has an average effective porosity of 0.346, average
hydrate saturation of 0.117, and average permeability of 6.63 mD; (3) a gaseous hydrocarbon
layer; this layer contains liquid water and gaseous hydrocarbon, with an average effective
porosity of 0.347, average gas saturation of 0.073, and average permeability of 6.8 mD. The
geological and physical parameters of each layer in the hydrate reservoir are summarized
in Table 1. Horizontal well technology has been implemented in this hydrate production
test, and the wellbore structure data can be observed in Figure 2. In this study, only the
horizontal section is utilized to establish the numerical simulation model, while a detailed
explanation of the physical model and grid processing will be subsequently provided.
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Figure 1. Geological background and location of the second NGH production test of China [14].

Table 1. Geological and physical parameters of hydrate reservoirs in each layer in the second NGH
production test in the Shenhu Sea area [14].

Layer Depth Thickness Effective Porosity =~ Permeability Saturation
(m bsf) (m) (%) (mD) Sy, (%) Sg (%) Sw (%)
NGH layer 207.8~253.4 45.6 37.3 2.38 0.31 0 0.69
Mixing layer 253.4~278 244 34.6 6.63 0.117 0.132 0.751
Free gas layer 278~297 19 34.7 6.8 0 0.073 0.927
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Figure 2. Wellbore structure of horizontal well in the second NGH production test of China [14].

The geological parameters of the hydrate reservoir were not fully disclosed by the
test-production site. Therefore, for the simulation calculation, other relevant physical
parameters were adopted from the physical parameters of hydrate-bearing sediments at
the W17 station of the South China Sea [36], as presented in Table 2 below.

Table 2. Physical parameters of hydrate reservoir at W17 station.

Parameter Value Parameter Value
Formation temperature gradient 0.0443 K/m Kinetic viscosity of methane/ g 2.45 x 10712 MPa-s
Initial seawater mass density/py 1019 kg/m? Mass density of hydrate/py, 920 kg/m?
Pore gas saturation of layer/p, 2600 kg/ m> Pore water salinity /X 3.05 wt%
Wellbore radius/ry 0.1m Thermal conductivity of methane 0.07 W/m-K
gas/Ag
Initial temperah'lre of hydrate 14.82 °C Thermal conductivity of hydrate/A, 0.6 W/m-K
reservoir/ T
Initial pressure of hydrate 14.908 MPa Geotechnical thermal conductivity of 25W/mK
reservoir/ Py frame/ A,
Hydrate specific heat capacity/Cy, 2.1kJ/kg-K Drilling fluid temperature/ T¢ 16.0 °C
Geotechnical specific heat capacity of 0.71kJ/kg-K Drilling fluid pressure/Py 15.34 MPa
frame/C,
Methane specific heat capacity /Cgq 2.2 k] /kg-K Enthalpy of hydrate dissociation/AH 54.2 kJ /mol
Salt diffusion coefficient/K pp 1.76 x 1072 m2/s

3. Methods and Numerical Models

In this work, a numerical model of horizontal wells drilled in NGH sediments was
developed. The model was established in a two-dimensional polar coordinate system and
incorporated processes such as heat and mass transfer within the hydrate reservoir, kinetics
of hydrate formation and dissociation, and gas-liquid two-phase seepage. Furthermore,
the model considered the effects of a reservoir temperature gradient, pressure gradient, and
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gravity on seepage. The model was solved using the finite difference method. To simplify
the model and facilitate its solution, the following hypotheses were proposed:

(1) All hydrates in the hydrate reservoir are assumed to be type I methane hydrate, and
the hydration number is 6.0 [44].

(2) Only gas-liquid two-phase flow is considered within the hydrate reservoir. Solid
hydrates and the rock-soil frame of the reservoir are assumed to be immobile, and
Darcy’s law is assumed to be effectively applicable to fluids.

(3) Both the rock-soil frame and hydrate are assumed to be incompressible.

(4) Since the test-production site only disclosed average porosity and average hydrate,
gas, and water saturation of the hydrate reservoir in Table 1, the actual distribution
is not clear. The porosity of the hydrate reservoir is assumed to be constant and
uniformly distributed, and the hydrate, gas, and liquid phases in the reservoir are
assumed to be uniformly distributed.

(5) Local thermal equilibrium between the sediment and the fluid in the hydrate reservoir
is assumed to be maintained. A throttling effect and radiation heat transfer in the flow
process are neglected.

(6) The dissociation of hydrates in the reservoir is assumed to be a successive water-gas
source with various intensity.

(7) Changes in the physical properties of the drilling fluid are not considered, and only
constant pressure, temperature, and salinity are considered.

(8) Convective heat transfer and heat conduction in hydrate reservoirs are considered,
and the influence of pore water salinity on physical parameters such as thermal
conductivity is considered, while the contact thermal resistance of the fluid and the
reservoir and the heat-release process of salt dissolution are neglected.

(9) Changes in drilling length over time during horizontal drilling are neglected.

3.1. Mass Transfer and Gas—Liquid Two-Phase Flow Model in Hydrate Reservoir

Based on the above assumptions, the gas-liquid two-phase flow process in hydrate
reservoirs is mainly the displacement of primary fluid by the drilling fluid. A two-phase
flow model based on Darcy’s law is adopted to describe the flow of methane and water in
the porous media of hydrate reservoirs. The mass balance equations of gas, water, salinity,
and hydrate are as follows:

d(ogSs) 19 19

% ror (rogver) — 730 (gvgn) +mgMg @
1 %(rprsz) — %aa—g(prvag) +kp { %% (qorpwsw aa)is) + %% (%”Pwsw%);s) } 3)
M) _ i (M + oy M) )

ot

where r is the radius, m; 6 is the circumferential angle, rad; Sg, S, and S, are the saturations
of gas, water, and hydrate of the hydrate sediment, respectively; ¢ is the pore porosity; pg,
Pw, and py, are the densities of gas, water, and hydrate of the hydrate sediment, kg/ mS3; myg,
my, and my, are the molar sources of gas, water and hydrate, respectively, mol/ m3.s; X, is
the salinity; M and M, are the molar densities of methane and water, kg/mol; 1y, is the
hydrate number; vy, and vy, are the flow velocity of gas and water, respectively, in the r
direction, m/s; vgg and vy are the flow velocity of gas and water in the 6 direction, m/s.
The hydrate in the reservoirs is considered to be solid and immobile, allowing only
methane gas and water to seep through the porous media. According to the assumption
above, the seepage of gas and water accords with Darcy’s theory. The flow velocities of gas
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and water in the radial direction (r) and circumferential direction () in the porous media
can be calculated. vgy, Veg, Var, and v,y are determined as follows:

_ KK; 9(Pg + pggsin(6)r) s

vy = — s ©)
Hg r

b KKg 9(Pg + pggsin(0)r) ©)
g0 e a0

vy — KKy 9(Py + pwgsin(0)r) 7)
Hw ar

_ KKy 9(Py + pwgsin(6)r)

where g is gravitational acceleration, m/ s%; P, and Pg represent the pressure of water and
gas, respectively, MPa; K represents the absolute permeability, mD which is calculated
according to Masuda’s permeability model [45]; K, and K, represent relative permeabilities
of water and gas, respectively; K, and K, are calculated according to the Stone model [46],
as follows:

K = kgo(1—Sp)N 9)
_ Ng
| Sc —Sic
ke = [ 1-Sic {10
S—§. " Nw
k., = | — 14 11
¢ {1—5#14} a

where k;, represents the intrinsic permeability of non-hydrate reservoirs, mD; N is the
index of permeability decline; S, is the residual saturation of gas, which is set at 0.03 in
this model; S;,, is the residual saturation of liquid, which is set at 0.3 in this model; N, and
Ny are Corey indexes, which are set at 3.5 and 5, respectively, in this model.

The saturation of gas, water, and hydrates satisfy the following equation:

The pressures of gas and water in the porous medium are given by

Pcap = Pg — Pw (13)

where P is the pore capillary pressure. In this model, the calculation equation of the
capillary pressure model proposed by Van Genuchten [47] is adopted as follows:

peap = ~Bo[(s)F 1] (14)

S* = (5S4 —Sira)/Smxa — Sira (15)

where Py is the initial capillary pressure, namely atmospheric pressure, which is set at
0.1 MPa in this model; A is the Van Genuchten index, which is set at 0.45 in this model.

3.2. Kinetic Model of Hydrate Dissociation and Formation

Hydrate is composed of water molecules and methane molecules. In this model,
the dissociation and synthesis reaction of type I methane hydrate are adopted, and the
expression is as follows:

(CH4'6HZO)soild = (CH4)gas + 6(H7_O) (16)

liquid
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Kim and Bishnoi established a kinetic model for the dissociation of NGH. According
to the Kim-Bishnoi empirical formula [48], the dissociation rate of methane gas can be
calculated as follows:

Mgg = Mgk As (P — Py) (17)

where A; is the dissociation specific area of the NGH dissociation surface, m?2/m?3, which is
calculated by using the specific surface area formula established by Moridis et al. [49]; k;
is the dissociation constant of the hydrate, mol/(m?-MPa-s); fg is the methane fugacity on
the surface of the hydrate, MPa; f, is the methane fugacity under the phase equilibrium
pressure, MPa; and 1y, is a function of the number of moles of methane in the hydrate. P, is
the pressure of methane gas at the local position, MPa; P, is the phase equilibrium pressure
of methane gas, MPa; and Mgy is the dissociation rate of the hydrate, kg/ m3, while the gas
hydrate dissociation constant k; is calculated using the formula in the Kim and Bishnoi
model as follows:

[ (A-9) 2 2/3
As = {(4/3)7%3} (4m,, )(sh) (18)
2 3 1/2
rp = [45K(1 —¢) /¢ } (19)
ka= ko exp(— i’;j) 20)

where the basic reaction kinetic constant k, is 3.6 x 10* mol/(m?-MPa-s); AEa is the
activation energy of gas hydrate dissociation, J/mol; R is the universal gas constant,
J/(mol-K); according to the simulation calculation in the relevant literature [50], the value
of AEa/R is 9752.73.

The formation rate of hydrate will be calculated according to the equation given by
Mmendra et al. [51] which simulates the process of methane gas combining with water
to form NGH, and assumes that the hydrate particles formed are spherical. The final
formation rate equation of hydrate is as follow:

fgs = MgkgAp(Py — Pe) (21)

where mg is the formation rate of hydrate (kg/ m3s). ke is the formation rate constant of
NGH, which is taken as the average measurement value of Englezos et al. [52], namely
0.5875 x 10~ mol/(m?-MPa-s); Ay is the specific area of the NGH formation surface,
(m?/m?3), which is calculated as follows according to the relevant literature [53]:

3
9 (Sw + S)
Ap = #(swsgsh)

2/3 22)

According to the chemical formulas of methane hydrate dissociation reaction and
formation reaction, the relationship between the dissociation or production amount of
methane hydrate m;, per unit time and the water consumption or water production amount
of dissociation 1, and gas amount myg is as follows:

Mg + 1,y M
my, = 3T:’wmg (23)
My = ”Z]”VIMW g (24)
8

3.3. Energy Transfer in Hydrate Reservoirs

During the drilling of the fluid intruding into the hydrate reservoir, the heat transfer
is under the control of heat conduction and heat convection. The process includes heat
injection and outflow of drilling fluid, and heat absorption and the heat release of the
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dissociation and formation of NGH. Therefore, the conservation equation of energy is
described by the temperature change of the hydrate reservoir and the enthalpy change of
dissociation and formation of NGH as follows:

A(TCy)

10 oT 10 oT 0 10 .
e (7’/\C§> +2355 (AC@) - @{r(nggTvgr + pwCoTVar) } — <36 (nggTVgg + PwaTng) —npAH = == (25)
Ae =1— @A+ ¢(SwAw + SgAg + SyAy) (27)

where T is temperature, K; Ag, Ay, A, and A, are the heat conductivity coefficients of water,
gas, NGH, and the hydrate sediments” geotechnical framework, respectively, W/ (m-K);
Cg, Cuw, Cp,, and C; are the heat capacities of gas, water, NGH, and the hydrate sediments’
geotechnical framework, respectively, k] / (kg-K); AH is the dissociation enthalpy of methane
hydrate, k]/mol; A, is the general thermal conductivity of NGH sediments, W /(m-K).

3.4. Solving the Numerical Model

The numerical model established in this study includes the processes of mass and heat
transfer, gas-liquid two-phase flow, and hydrate dissociation and formation. To solve this
model, the finite difference method is used to calculate and solve all discrete equations.
The calculation process of the specific model and the discretization and solving process of
the equation are shown in Appendix A.

3.4.1. Meshing of Physical Model

Based on the characteristic parameters of the actual hydrate reservoir in the Shenhu
area of the South China Sea, this study established a physical model for horizontal well
drilling in hydrate reservoirs and conducted drilling operations at different locations within
the reservoir (NGH layer center, mixing layer center, and junction of NGH layer and mixing
layer), as depicted in Figure 3.

Sea level
Seabed
207.8m bsf
Horizontal well
230.6m bsf
45.6m NGH layer A
253.4m bsf 253.4m bsf B
.. 265.7m bsf
24.6m Mleg layer _— C
278m bsf J
I[\
19m Free gas layer
297m bsf N & v

Figure 3. Distribution of reservoir types and drilling locations.

In this study, a two-dimensional polar coordinate numerical model of the horizontal
well drilling process in hydrate reservoirs is established, with the wellbore with a radius of
0.1 m as the model center to simulate drilling fluid invasion. The grid is divided around the
wellbore into radial and circumferential directions. The grid diagram is shown in Figure 4.
Because of symmetry, only half of the simulation domain is studied to accelerate computing
speed. Circumferential direction is 180°, divided into 20 uniform grids. Radial grid is
divided into 50 gradual grids, where the grid spacing Ar is calculated as follows:

Ar = 0.01 x 1.05Y (28)
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r=12m

Figure 4. Meshing diagram.

3.4.2. Boundary Conditions

The initial values for the calculation in this study need to set the relevant parameters of
methane hydrate reservoir and borehole drilling fluid, mainly including the initial pressure,
initial temperature, permeability, porosity, salinity, saturation of every phase of the hydrate
reservoir, as well as the temperature, pressure, density, thermal conductivity, and specific
heat capacity of drilling fluid.

The initial values of temperature and pressure of the NGH reservoir are determined
considering the geothermal gradient and pressure gradient of the actual hydrate sediment:

T = Ty + tersinf (29)

P = Py + pgrsinf (30)

where t¢ is the low temperature gradient, K/m; p, is the pressure gradient, MPa/m.

The numerical model of horizontal well drilling in the NGH reservoir established in
this work is a two-dimensional polar coordinate model. Since the reservoir only has vertical
physical property differences and the physical properties at the same height are the same,
the model structure is a horizontally symmetric semicircle for the sake of convenience in
calculation, as shown in Figure 4. The main boundary conditions have two parts: one is the
internal boundary at the wellbore; the other is the outer boundary of the NGH reservoir on
the far side. For the internal boundary, the relevant parameters are regarded as the first
type of boundary conditions:

T=Ts,P=P,5,=0,5=0,5 =1,X; =X (r =) (31)

For the outer boundary, it is set as an infinite extension boundary because the cal-
culation range is much larger than the invasion range of drilling fluid. Therefore, the
temperature and pressure of the NGH reservoir are considered as the first type of boundary
conditions, so the temperature of the outer boundary is kept constant:

T=Ty,P=Py(r=R) (32)

4. Results
4.1. Physical Properties of Hydrate Reservoirs during Horizontal Well Drilling
4.1.1. Two-Dimensional Physical Response of Hydrate Reservoir

In the drilling process of the horizontal well, due to the effects of temperature and
pressure gradients of the hydrate reservoir and different reservoir permeabilities, significant
differences arise in the changes of physical properties around the wellbore and hydrate
dissociation behaviors [29,35]. Therefore, in this study, we focus on location B to illustrate
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these changes in hydrate reservoirs, which is at the junction of the NGH layer and mixing
layer (location B in Figure 3). In the simulation, the drilling fluid temperature is set as 16 °C
and the pressure is 15.34 MPa. Other parameters are used in Table 1.

Figure 5 gives the distribution of reservoir physical properties at the 24th hour.
Figure 5a—f are the distributions of pressure, temperature, hydrate saturation, gas sat-
uration, water saturation, and salinity of the pore water.

MPa °c 0
15.8
15.15
15.6
15.1
15.4
15.05
15.2
15
W— 0°
15 i !
14.95
0.1 ]
14.8 F
14.9 ¢ J
14.6
14.85
14.4
148 ]
180° 180° 180°
(a) Pressure (b) Temperature (¢) Hydrate saturation
0° 0° wt% 0°
04 : 0.0305
0.09 0.03
0.08 0.0295
0.07 : 0.029
0.06 0.0285
0 05 °© N " 90‘7 0028
0.04 ) 01 : g 0.0275
0.03 = 0.027
3 29m
0.02 Ov2.-9 0.0265
L 0.38m
0.01 0.026
o - 0.0255
180° 180° 180°
(d) Gas Saturation (e) Water saturation (f) Salinity

Figure 5. Reservoir physical property distributions at the 24th hour in the NGH layer + mixing layer.

As shown in Figure 5a,b, the pressure of drilling fluid is higher than that of the
reservoir, leading to the drilling fluid invading into the hydrate reservoir and displacing
the primary fluid (gas and water) in the reservoir near the wellbore, resulting in an increase
in pore pressure near the wellbore, which then transfers continuously to areas farther
from the wellbore. Within a radius of about 2 m from the center of the well, the reservoir
pressure significantly increases, while beyond this distance, the pressure increases slightly,
and approaches the initial reservoir pressure. It can also be seen from Figure 4a that the
pressure in the mixing layer is slightly higher than that in the NGH layer. In the simulation,
the hydrate saturation of the NGH layer (the upper part of Figure 5a—f) is 0.31, with a
permeability of 2.38 mD, while the hydrate saturation of the mixing layer (the lower part of
Figure 5a—f) is 0.117, with a permeability of 6.63 mD. Due to the higher permeability of the
mixing layer, the fluid seepage effect is stronger, resulting in a faster pressure transfer. As
shown in Figure 5b, the initial temperature of the reservoir is lower than that of drilling
fluid. Consequently, under the effect of heat conduction and convection between the
drilling fluid and hydrate reservoir, the temperature noticeably increases near the wellbore.
This temperature rise mainly occurs within a range of about 0.39 m from the center of the
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wellbore, which is much smaller than that of the pressure increase, indicating that the speed
of temperature propagation is much lower than that of the pressure.

Figure 5c shows the distribution of the hydrate saturation. It can be seen that due to
the rapid increases in temperature and pressure near the wellbore, which break the hydrate
stability, the hydrate saturation significantly changes in the region near the wellbore and
represents different behaviors in the NGH layer and mixing layer. The hydrate close to
the wellbore has completely decomposed, as shown in the blue area in Figure 5c. This
phenomenon occurs in both the NGH layer and mixing layer. Following this, partial
hydrate dissociation occurs in areas where the temperature increase rate is lower than the
pressure increase rate. Notably, the extent of hydrate dissociation in the mixing layer is
much larger than that in the NGH layer. This may be due to the lower hydrate saturation
and higher permeability of the mixing layer, facilitating a greater intrusion of drilling fluid.
In addition, hydrate secondary formation occurs in the NGH layer, leading to the formation
of a zone with high hydrate saturation, which further inhibits the drilling fluid invasion.

Figure 5d,e give the distributions of the gas and liquid saturation, respectively. The
significant production of water and methane gas resulting from hydrate dissociation and
drilling fluid invasion causes notable changes in gas and water saturations near the well-
bore. Furthermore, these saturations are influenced by secondary hydrate formation. As
shown in Figure 5d,e, the distributions of gas and water saturation exhibit substantial
differences between the NGH layer and the mixing layer due to various complex factors.
In the NGH layer, where there is originally no free gas, the hydrate dissociation of hydrate
results in considerable increases in both gas and water saturations. Particularly, water satu-
ration significantly increases near the wellbore and decreases rapidly as far away from the
wellbore. Due to the hydrate secondary formation, there is a region with water saturation
lower than the initial value. In the mixing layer, characterized by a low initial hydration
saturation of 0.117 and a high permeability of 6.63 mD, the quantity of gas produced from
hydrate dissociation is much lower compared to that in the NGH layer. Furthermore, there
is no secondary hydrate formation. As the hydrate dissociation occurs, the size and the
number of channels increase, and the flow capacity of the water increases [54]. Conse-
quently, a large amount of drilling fluid invades and displaces the pore fluid (gas, water) of
the reservoir, resulting in an increase in water saturation and a decrease in gas saturation.

The salinity of pore water in the reservoir is significantly affected by hydrate disso-
ciation, hydrate formation, and the invasion of drilling fluid [36]. Figure 5f indicates the
distribution of the pore water salinity, revealing significant differences between the NGH
layer and mixing layer. In the NGH layer, pore water salinity in the near-wellbore area
significantly decreases due to hydrate dissociation, which produces a large amount of
water, diluting the salinity of pore water. In the secondary hydrate formation zone, the
salinity of pore water rises due to water consumption by secondary hydrate formation.
In the mixing layer, the pore water salinity remains relatively consistent with the initial
salinity near the wellbore, and then there is a large area with the low salinity due to the
dilution effect by hydrate dissociation. Meanwhile, the low-salinity area is larger than the
hydrate dissociation area. This is because the water was dissociated from the hydrate and
was moved far away by the drilling fluid invasion, which can be seen from the gas and
water distributions. Overall, in the NGH layer, the salinity of the pore water is mainly
influenced by the dissociation of hydrate and secondary hydrate formation. In the mixing
layer, due to the lower hydrate saturation and the greater invasion of drilling fluid, the
salinity of the pore water is mainly influenced by the drilling fluid invasion and the hydrate
dissociation in the NGH reservoir.

4.1.2. Curves of Changes in Properties of Hydrate Reservoir at Different Time

To better demonstrate the variation of physical properties in different hydrate layers
during horizontal drilling, Figure 6 exhibits the changes over time at different distances
from the wellbore. The data were obtained from reservoir locations at angles of 45 °C and
135 °C of location B, as shown in Figure 4. It can be seen from Figure 6a that the pressure
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propagation rate in the mixing layer is slightly higher than that in the NGH layer, due
to the influence of the pressure gradient of the reservoir. Similarly, Figure 6b shows that
the temperature propagation rate in the mixing layer is also higher than that in the NGH
layer. This difference arises from the influence of the geothermal gradient, resulting in
slightly higher temperatures in the mixing layer compared to the NGH layer at positions
farther from the wellbore. Notably, while pressure can spread to a radius of about 8 m, the
temperature propagation is limited to a radius of about 0.8 m.
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Figure 6. Curves of physical properties of hydrate reservoir changing with time during drilling.
(a) Pressure; (b) temperature; (c) hydrate saturation; (d) gas saturation; (e) water saturation; (f) salinity.

Figure 6¢ shows the variation in hydrate saturation over time during the drilling
process. As shown in Figure 6¢, the area of the hydrate dissociation in the mixing layer is
much larger than that in the NGH layer. At the 24th hour, the complete dissociation zone
of the NGH layer reaches a radius of about 0.125 m, while in the mixing layer, it reaches a
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radius of about 0.15 m. The hydrate dissociation area gradually expands with the drilling
time in both the NGH layer and the mixing layer.

Figure 6d,e presents the curves of gas and water saturations at different times, respec-
tively. The gas and water saturations of the reservoir around the wellbore are affected by
hydrate dissociation and formation, drilling fluid invasion, and gas-liquid seepage in the
reservoir. In both the NGH layer and mixing layer, the water saturation increases in the area
around the wellbore due to hydrate dissociation and drilling fluid invasion. In the NGH
layer, an obvious decrease in water saturation occurs due to hydrate secondary formation,
which consumes water. As the drilling becomes longer and longer, the area with the low
water saturation becomes larger, which is in line with the area of the hydrate secondary
formation. In the mixing layer, the water saturation near the wellbore is very high, and the
gas saturation is lower than the initial saturation. This is because the drilling fluid invasion
displaces pore fluid, causing the water saturation near the wellbore to be higher. After
passing the hydrate dissociation zone, the displacement effect greatly attenuates and the
gas-liquid seepage is the main effect, so the gas-liquid saturation changes gradually to the
original gas-liquid saturation. Comparing the gas-liquid saturation curves of the NGH
layer and the mixing layer, it can be clearly seen that the gas-liquid flow in the mixing layer
is relatively violent, and the drilling fluid invasion is serious.

In the study, the drilling fluid salinity is same as the original pore water salinity,
which is 3.05 wt%. Therefore, the salinity of the pore water is mainly affected by hydrate
dissociation and secondary formation. Figure 6f shows that the salinities of pore water in
the NGH layer and mixing layer both decrease firstly and then increase. The decrease in
the salinity is due to the hydrate dissociation, which produces a lot of water, diluting the
reservoir pore water. As the drilling fluid invades, the salinity near the wellbore will rise. In
the NGH layer, the hydrate dissociation makes the salinity decrease to the lowest salinity of
2.54 wt%. A region with a higher salinity than the initial value of the reservoir can be seen
in the salinity curve. This is because the secondary formation of hydrate consumes part
of the water in the NGH layer. In the mixing layer, due to the smaller amount of hydrate
dissociation and no secondary formation of hydrate, a relatively flat low-salinity area is
observed around the wellbore. The lowest salinity of the mixing layer is 2.97 wt%, which is
significantly higher than that of the NGH layer. With the increase in time, both in the NGH
layer and mixing layer, the range of low-salinity area gradually expands and moves away
from the well.

4.2. Comparison of Hydrate Dissociation at Different Locations of the Reservoir

The above analysis shows that the NGH layer and mixing layer have great differences
in the hydrate dissociation and the change in physical properties due to the differences
in permeability and hydrate/gas/water saturations in the original reservoir. In order to
further study the hydrate dissociation characteristics of the reservoir during horizontal
drilling at different drilling locations, simulations were conducted at three different loca-
tions: the center of the NGH layer, the junction of the NGH layer and the mixing layer,
the center of the mixing layer, respectively, denoted as locations A, B, and C in Figure 3.
These locations are located at depths of 230.6 m, 253.4 m, and 265.7 m below the seabed,
respectively. Other specific parameters are shown in Table 1.

Figure 7 gives the distribution of the hydrate saturation at different drilling locations
at the 12th and 24th hour of drilling. From Figure 7, it can be seen that the hydrate
distributions in both the NGH layer and mixing layer are basically the same as the upper
part and lower part of location B, as detailed in Figure 5c. In all three locations, the
dissociation and the formation zones gradually move farther away. Comparing Figure 7d.f,
it can be seen that the secondary formation area of the NGH layer in Figure 7d appears
darker, with the highest hydrate saturation reaching 0.35, which is higher than that in
Figure 7f. This disparity arises because location A is positioned higher than location B,
resulting in a lower initial temperature and pressure of the reservoir due to pressure and
temperature gradients. During the drilling process, the pressure transfer is rapid while
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the temperature transfer is slow, resulting in the pressure of the hydrate reservoir at two
locations being similar. Under the same pressure, the lower temperature promotes the
secondary hydrate formation, resulting in the higher secondary formation saturation at
location A. Comparing Figure 7e f, it also can be seen that the hydrate dissociation range at
location C is larger than that of the mixing layer part at location B. This is also caused by
the difference in initial temperature at different reservoir heights. The reservoir at location
B has a slightly higher temperature, which is more conducive to hydrate dissociation.
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Figure 7. Comparison of hydrate saturation distribution at different locations at the 12th hour and
24th hour. (a) NGH layer at the 12th hour; (b) mixing layer at the 12th hour; (c) NGH layer and
mixing layer at the 12th hour; (d) NGH layer at the 24th hour; (e) mixing layer at the 24th hour;
(f) NGH layer and mixing layer at the 24th hour.

As analyzed above, the differences in the hydrate/gas saturations and permeability of
the reservoir lead to significant differences in drilling invasion and hydrate dissociation
among different reservoir layers. The change in pore pressure caused by the drilling fluid
invasion and the degradation of reservoir strength resulting from hydrate dissociation
has significant impacts on the wellbore stability [25]. Therefore, although the hydrate
production using horizontal wells in the hydrate reservoir with high permeability can
enhance gas production efficiency to some extent, the drilling process may lead to a large
amount of hydrate dissociation surrounding the wellbore, which is not conducive to
wellbore stability and drilling safety. In addition, at the conjunction of the NGH layer and
mixing layer, due to the different hydrate dissociation rate above and below the wellbore,
the difference change in stress at different regions around the wellbore can also induce the
instability of the wellbore.
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To better compare the difference of the drilling invasion and hydrate dissociation at
different locations in the reservoir during horizontal well drilling, the amounts of hydrate
dissociation and the drilling fluid invasion (per meter of horizontal well) at different times
were calculated, which are given in Figure 8. It can be seen from Figure 7 that the hydrate
dissociation ranges at different locations are mainly concentrated in the range of 0.25 m
from the center of the wellbore. Therefore, the hydrate dissociation amount within a 0.25 m
radius is calculated.
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Figure 8. Curves of hydrate dissociation amount and drilling fluid invasion amount at different
locations changing with time. (a) Hydrate dissociation amount; (b) drilling fluids invasion amount.

Figure 8a indicates that the hydrate dissociation rates at different locations all increase
rapidly at early stages of the drilling. Within the first 2 h, location A shows the smallest
amount of hydrate dissociation. In the NGH layer, the hydrate saturation is much higher
than that in the mixing layer, and more hydrate will be dissociated by the heat transfer from
the drilling fluid at an early stage. Figure 8b shows the curves of the amount of the drilling
fluid invasion into the reservoir over time for a unit length of the horizontal well. The
drilling fluid invasion increases linearly with time, and the invasion amount at location C is
much greater than that at location A, and the invasion amount at the junction of the hydrate
and mixing layers (location B) is between them. At the 24th hour, the invasion amount
of drilling fluid at location C in the mixing layer reaches about 38 kg, while at location A
in the NGH layer, it is only 2.02 kg. The invasion amount of drilling fluid in the mixing
layer is about 18.8 times more than that in the NGH layer. Therefore, it can be speculated
that hydrate dissociation is mainly driven by heat conducted from the drilling fluid to the
reservoir. Similar findings were reported by Sun et al. [42]; they indicated that hydrate
dissociation is mainly derived from heat conduction caused by the temperature difference
between the wellbore and reservoir, especially in regions with high water saturation. For
the mixing layer, even the hydrate saturation is much lower than the NGH layer, due to
the high invasion amount of drilling fluid, as shown in Figure 8b, with the more heat
brought by the invaded drilling fluid, the amount of dissociated hydrate at location C is a
little higher than that at location A. As the drilling progresses, the heat from the drilling
fluid is consumed by the hydrate dissociation, and cannot be directly transferred to the
region far from the wellbore. The amount of dissociated hydrate gradually decreases to be
lower than that at location A after about the 2nd hour. However, the hydrate dissociation
rate at location A also significantly drops at about the 4th hour. Due to the expansion of
the hydrate dissociation range, the effect of the heat conduction from the wellbore on the
hydrate dissociation also decreases. After the 4th hour, the secondary hydrate gradually
increases, the difference in the amount of dissociated hydrate between the NGH layer
and the mixing layer is gradually maintained to basically become stable. Because the
hydrate dissociation amount is affected by the hydrate saturation in the reservoir, although
the hydrate invasion amount in the mixing layer is significantly higher than that in the
NGH layer, the hydrate dissociation amount does not present a great change. As shown
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in Figure 8b, at the 24th hour, the hydrate dissociation amount is 0.995 kg at location A,
0.905 kg at location C, and 0.981 kg at location B. Under the high invasion of the drilling
fluid, the hydrate dissociation amount in the mixing layer is similar to that of the NGH
layer even though the initial hydrate saturation of the NGH layer was 2.65 times that of
the mixing layer. It can be concluded that in the NGH layer with no free gas and low
permeability, the hydrate dissociation is mainly caused by the heat conduction. In the
mixing layer, the effect of the drilling fluid invasion exerts greater impact on the hydrate
dissociation, resulting in the amount of hydrate dissociation slightly lower than that in the
NGH layer with a much higher hydrate saturation.

4.3. Influence of Salinity

In the drilling process, in order to prevent the secondary formation of hydrate in the
wellbore, it is necessary to increase the salinity of drilling fluid or add hydrate inhibitors
to decrease the equilibrium temperature of hydrate formation [28]. However, during
drilling fluid invasion, higher drilling fluid salinity can promote the hydrate dissociation
in reservoirs. Therefore, the simulation of hydrate dissociation behaviors under different
salinities of the drilling fluid at location B in Figure 3 was conducted. The drilling fluid
salinities used were 3.05 wt%, 10 wt%, 15 wt%, and 20 wt%.

Figure 9 shows the physical properties of the reservoir near the wellbore at the 24th
hour under different drilling fluid salinities. The data were obtained from reservoir lo-
cations at angles of 45 °C and 135 °C of location B, as shown in Figure 4. As shown in
Figure 9a, the salinity of the drilling fluid has almost no effect on the pressure distribution.
However, with the increase in the drilling fluid salinity, the temperature near the wellbore
slightly decreases in the NGH layer and drops drastically in the mixing layer. This is
because the drilling fluid invasion in the NGH layer promotes the hydrate dissociation,
especially in the mixing layer with a large amount of the drilling fluid invasion. Under the
high salinity of 20 wt%, the minimum temperature of the low-temperature area is close to
10 °C, which is lower than the initial reservoir temperature by 4 °C.

As shown in Figure 9¢, the salinity of the drilling fluid has an important impact on
the hydrate dissociation. In the NGH layer, higher salinity levels increase the extent of the
complete dissociation zone of hydrate and promote secondary hydrate formation. With the
increase in salinity from 3.05 wt% to 20 wt%, the hydrate dissociation range in the mixing
layer increases from 0.16 m to 0.23 m, while the hydrate dissociation range in the NGH
layer does not significantly change. This may be because under the higher salinity, the
invasion of drilling fluid promotes the dissociation of hydrate in the near-wellbore area.
However, due to the low permeability of the reservoir, much gas dissociated from hydrate
accumulates in the periphery of the hydrate dissociation area, forming abundant secondary
hydrate, further reducing the permeability of the reservoir, preventing the further invasion
of drilling fluid. In the mixing layer, due to the high permeability of the reservoir, there is no
secondary formation area of hydrate under the higher salinity, so the complete dissociation
zone of hydrate gradually becomes larger with the increase in salinity. This also causes
the rapid expansion of the low-temperature area of the mixing layer and the sharp drop in
temperature in Figure 9b.

As shown in Figure 9d,e, the changes of drilling fluid salinity also lead to changes
in gas and water saturations. In the NGH layer, gas and water saturations are relatively
less affected by the drilling fluid salinity. In the mixing layer, due to the existence of free
gas and a higher salinity, the hydrate dissociation area expands, and the drilling fluid
invades faster, resulting in higher water saturation around the wellbore. Meanwhile, the
free gas and hydrate dissociation gas in the reservoir flow away, causing the change to
gas saturation in the area far from the wellbore. Figure 9f describes the changes in the
pore water salinity under different drilling fluid salinities. When the drilling fluid salinity
increases, the salinity of the pore water near the wellbore in the NGH layer also increases.
However, due to the influence of the secondary formation of hydrate, the drilling fluid
invades a smaller range, and the pore water salinity rapidly decreases to the initial salinity.
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In the mixing layer, the drilling fluid invades a wider range, and the salinity diffusion range
increases to the radius of about 0.4 m, while the salinity diffusion range of the NGH layer
is less than the radius of about 0.2 m.
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Figure 9. Changes in physical properties under different drilling fluid salinity conditions. (a) Pressure;
(b) temperature; (c) hydrate saturation; (d) gas saturation; (e) water saturation; (f) salinity.

Figure 10 shows the temperature distributions of the hydrate reservoir with different
drilling fluid salinities at the 24th hour. It can be clearly seen that under the high salinity, a
wide range of the low-temperature area appears in the mixing layer, which even affects the
NGH layer. With the continuous increase in salinity, the range of the low-temperature area
expands, and the minimum temperature of the low-temperature area keeps decreasing.

Figure 11 describes the distribution of hydrate saturation with various drilling fluid
salinities. As shown in Figure 11, with the increase in salinity, the hydrate dissociation
range expands significantly in the mixing layer and slightly in the NGH layer. In the
NGH layer, the amount and range of the secondary formation hydrate noticeably increase
with salinity increases from 3.05 wt% to 10 wt%, and then have little change with further
increases. Sun et al. [42] found that increasing the drilling fluid salinity slightly accelerates
the hydrate dissociation around the wellbore of the reservoir with high water saturation,
and the effects on the wellbore stability are negligible. A similar phenomenon is observed
in the NGH layer in this study. However, for the mixing layer characterized by free gas and
high permeability of the reservoir, the rapid increase in hydrate dissociation with increasing
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Figure 10. Distributions of temperature in the reservoir with different drilling fluid salinities.
(a) Salinity at 3.05 wt%; (b) salinity at 10 wt%; (c) salinity at 15 wt%; (d) salinity at 20 wt%.
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Figure 11. Distributions of hydrate saturation with various drilling fluid salinities. (a) Salinity at
3.05 wt%; (b) salinity at 10 wt%; (c) salinity at 15 wt%; (d) salinity at 20 wt%.

5. Discussion
5.1. Novelties and Suggestions

Both scientific research and actual exploitation show that horizontal wells can improve
the efficiency of NGH exploitation. However, drilling horizontal wells in deep water
hydrate deposits is a challenging task. The drilling process is very important to ensure
the safe and continuous exploitation of hydrates. However, there is a lack of research on
the drilling process of horizontal wells, especially for different hydrate reservoir types
and properties. In this study, a two-dimensional polar coordinate numerical model is
established to simulate and analyze the hydrate formation and dissociation around the
wellbore, and drilling fluid invasion characteristics of the horizontal well drilling process in
high-permeability hydrate containing free gas and low-permeability hydrate without free
gas. At the same time, the influence of drilling fluid salinity on the hydrate dissociation in
different reservoir types is studied.

Due to the complexity of reservoir structures, the reservoir characteristics will signifi-
cantly change during horizontal drilling, such as hydrate saturation, permeability, and free
gas content. It is necessary to clarify the dissociation of hydrate around the wellbore and its
control mechanism in horizontal drilling under different reservoir characteristics, which is
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the prerequisite for ensuring the safe and controllable implementation of the drilling process.
In this study, by comparing horizontal drilling in the NGH layer and mixing layer, we
found that in the mixing layer with low hydrate saturation and high permeability, drilling
fluid invasion is serious and causes large-scale hydrate dissociation; on the contrary, in the
NGH layer with high hydrate saturation and low permeability, the drilling fluid invasion
is small and the scope of hydrate dissociation is small. At the same time, the formation
of a high-hydrate saturation zone due to the secondary formation of hydrate is conducive
to mitigate drilling fluid invasion. Therefore, it is recommended that the horizontal well
is located in the area with high hydrate saturation in the reservoir, which is conducive to
mitigate the degree of drilling fluid invasion and reduce the risk of well wall instability.

The increase in drilling fluid salinity will promote the dissociation of the reservoir
hydrate at the well wall, resulting in the collapse of hydrate cemented mud and sand
particles, sharply reducing the mechanical strength of the surrounding rock of the well
wall, and causing well instability problems [28]. In the mixing layer, the higher drilling
fluid salinity will cause the significant expansion of the hydrate dissociation area, while in
the NGH layer, the influence of drilling fluid salinity on the scope of hydrate dissociation is
relatively weak. Therefore, in the drilling process of reservoirs containing free gas and low
hydrate saturation, it is necessary to control the parameters such as drilling fluid salinity to
more strictly evaluate the impact of hydrate dissociation on the stability of the reservoir
and wellbore.

The results of this numerical simulation study can provide certain guidance for the well
deployment position and the adjustment of drilling fluid parameters in the future drilling
process of NGH horizontal wells, provide certain suggestions for the safety of drilling
process, and have important significance for ensuring the safety of NGH exploitation.

5.2. Limitations and Future Work

In the drilling process, the well wall instability caused by hydrate dissociation is the
main reason for drilling safety. The dissociation of hydrate in sediments will cause the
change in sediment mechanical strength and pore structure. Hydrate has a cementing effect
and skeleton-supporting effect on sediment particles. When the hydrate is decomposed
into fluid, the loss of its cementing effect and skeleton-supporting effect leads to the trans-
formation of skeleton sand to flow sand. Furthermore, it reduces the mechanical strength of
the reservoir, leading to formation subsidence and even well wall collapse. In the process of
horizontal well drilling, due to the differences in the properties of the reservoir above and
below the wellbore, different hydrate dissociation and mechanical characteristics change
the laws occuring above and below the wellbore, so the horizontal well drilling needs
a stricter evaluation of the stability of the reservoir and the wellbore. In this work, the
impact of hydrate dissociation characteristics caused by heat and mass transfer between
the wellbore and the reservoir is investigated. In the future work, the change in reservoir
mechanical characteristics and pore structure should be further considered, and the drilling
simulation model of coupling geomechanics should be established to better carry out the
evaluation of the wellbore stability in the process of horizontal well drilling. In addi-
tion, the actual hydrate reservoir usually has complex geological conditions and hydrate
distribution. At present, due to the lack of geological exploration technology, the actual
specific parameters and distribution characteristics of the hydrate reservoir are not clear.
In the numerical simulation of hydrate drilling and mining, the average parameters are
usually used for reservoir properties, such as porosity, hydrate saturation, and permeability.
Because the horizontal well has a longer drilling distance, the heterogeneity of the hydrate
reservoir should be further considered, and a three-dimensional hydrate drilling model
that conforms to the actual reservoir should be constructed in order to evaluate the safety
of the entire drilling process. In addition, based on the clear distribution characteristics of
specific parameters in hydrate reservoirs, besides drilling processes, attention should be
paid to the modeling of three-dimensional comprehensive hydrate systems, such as these



J. Mar. Sci. Eng. 2024, 12, 554

21 of 27

studies documenting stability [55], evolution [56,57], and the destabilization [58] of gas
hydrates at basin scales [59,60].

6. Conclusions

In this study, a two-dimensional polar coordinate numerical model was established to
simulate the physical response characteristics of NGH reservoirs during horizontal well
drilling. Based on the properties of the second production test area in the Shenhu area of the
South China Sea, the hydrate dissociation and physical properties of the hydrate reservoir
with different characteristics were simulated, and the effect of drilling fluid salinity on the
hydrate dissociation was investigated. The following conclusions were drawn:

(1) During the horizontal well drilling process, significant changes occur in distributions
of temperature, pressure, saturation, and salinity in the reservoir around the wellbore.
Temperature and pressure exhibit rapid responses over a wide range, and pressure
exhibits a faster transmission rate and greater range compared to temperature. The
pressure and temperature transmission rates in the mixing layer are higher than those
in the NGH layer.

(2) Therapid changes in pressure and temperature result in extensive hydrate dissociation
around the wellbore. The area of the hydrate dissociation in the mixing layer is much
larger than that in the NGH layer, which may lead to the increase in risk of wellbore
instability. In the NGH layer, there is a zone of secondary hydrate formation on the
periphery of the hydrate dissociation zone, which inhibits the drilling fluid invasion.

(3) The drilling fluid invasion in the mixing layer is much higher than that in the NGH
layer due to the higher permeability and lower hydrate saturation. The invasion
amount of drilling fluid in the mixing layer is 18.8 times more than that in the NGH
layer. Under the high invasion of the drilling fluid, the hydrate dissociation amount
in the mixing layer is similar to that of the NGH layer even though the initial hydrate
saturation of the NGH layer was 2.65 times that of the mixing layer. The hydrate
dissociation is mainly caused by the heat conduction between the wellbore and the
reservoir in the NGH layer, and by the heat convection by the drilling fluid invasion in
the mixing layer. The drilling fluid invasion combined with the hydrate dissociation
and formation affects the distributions of gas, water, and salinity of the pore water
around the wellbore, which presents significantly different changes in behaviors in
the NGH layer and mixing layer.

(4) The drilling fluid salinity has less influence on hydrate dissociation near the wellbore
in the NGH layer compared with that in the mixing layer due to the less drilling
fluid invasion. With the increase in salinity from 3.05 wt% to 20 wt%, the hydrate
dissociation range in the mixing layer increases from 0.16 m to 0.23 m, while the
hydrate dissociation range in the NGH layer does not significantly change. In the
NGH layer, the hydrate dissociation and secondary formation are promoted when
the salinity increases from 3.05 wt% to 10 wt%, and then doesn’t change much as
the salinity further increases. In the mixing layer, the hydrate dissociation keeps
increasing as the salinity of the drilling fluid increase, leading to range extension of
low-temperature area and the lowest temperature (down to 10 °C, which is lower than
the initial reservoir temperature by 4 °C). In the mixing layer, it is significant to control
the drilling fluid salinity in a reasonable range to ensure the stability of the wellbore.
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Figure A1. Procedure flow chart of numerical solution.

Substitute Darcy’s equation of seepage velocity into the original equation of mass

conservation:
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The above equation was respectively dispersed by the finite difference in the implicit
forward difference scheme. Subscript “i” (node position) and superscript “n + 1” (unknown
time layer) of pressure and saturation terms in the difference equation were omitted, and
the difference equation was obtained as follows:
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Darcy’s equation was substituted into the energy conservation equation and differ-
entially discretized. The temperature control equation was solved by explicit forward
differential scheme for the thermal conductivity phase and by explicit upwind differential
scheme for the convection term. The differential equations were obtained as follows:
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Substitute Darcy’s equation into the salinity mass conservation equation, and carry
out explicit finite difference separation, and the difference equation is as follows:
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In the previous article, according to the hydrate formation and dissociation rate
equation and the hydrate mass conservation equation, the hydrate saturation at the next
moment is calculated as follows:

. At
my—-

=S — PPn
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The simultaneous mass conservation equations of gas, liquid, and hydrate phases
were used to eliminate the saturation of gas, liquid, and hydrate in the unknown time layer.
Then, the gas pressure was converted into liquid pressure phase through the capillary
pressure equation. Finally, the LU dissociation method was used to solve the equation to
obtain the liquid pressure distribution at the next moment.
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In the difference equation of mass conservation in the liquid phase, the pressure of
the unknown time layer is known, and only the water saturation of the next time layer is
unknown. Then, the difference equation of mass conservation in the liquid phase is directly
solved to obtain the water saturation:
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According to the reservoir pressure and phase saturation distribution obtained in the
previous section, the equation is directly solved to obtain the salinity distribution of the
hydrate reservoir:
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Finally, the LU dissociation method is used to solve the energy conservation equation
again, and the reservoir temperature distribution is obtained:
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The solution results are used to update all parameters (temperature, pressure, various
saturation, and salinity) as the initial values of the next time step, and the distribution of the
parameters in each time step is calculated iteratively until the set calculation time is completed.
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