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Nature gas hydrate is a new kind of clean and potential resources. Depressurization is regarded as the most effective and promising
hydrate production technology. One of the key points in improving the gas production effectiveness of depressurization is whether
pressure gradient could transmit in strata effectively. Single well method is widely used in hydrate exploit which is circumscribed in
expanding the range of hydrate decomposition. Consequently, the well structure and production strategy needs to be optimized for
improving the gas recovery efficiency. The multilateral well technology is proposed for increasing the gas productivity of the
reservoir greatly by increasing the multilateral branches. In this paper, we established a numerical simulation model based on
the geological data NGHP-02-16 site in the KG basin to evaluate the gas production performance of the reservoir by
depressurization. It mainly focuses on investigating the gas production performance of multilateral wells with different
combinations of geometric parameters of multilateral branches, such as different dip angle, numbers, and spacing of lateral
branches. The result shows that the multilateral well method can effectively increase the gas production rate with the water
production rate increase slightly. The cumulative gas production volume of a single vertical well is about 2:85 × 106 m3, while it
is of the multilateral well can reach 4:18 × 106 m3 during a one-year production. The well interference, the effective influence
radius of each multilateral branch, and the vertical depth of the lateral branch are the main factors which affect the gas
production efficiency of the multilateral well. The optimization of the geometric parameters of lateral should consider not only
the gas production efficiency but also the well interference between the lateral branches.

1. Introduction

Nature gas hydrate (NGH), an ice-like crystalline compound,
can exist steadily in low-temperature and high-pressure con-
ditions [1, 2]. This gas hydrate molecule consisting of a lattice
of one type of molecule trapping and containing a second
type of molecule (such as CH4, C2H6, C3H8, and C4H10). At
standard pressure and temperature, a methane hydrate
molecule contains approximately 160 volumes of methane
for each volume of water [3, 4]. This energy is regarded as a
clean and potential resources.

The methane hydrate would decompose into gas and
water when the three-phase equilibrium of gas hydrate was
broken [5, 6]. Consequently, there are four gas production
methods including depressurization, thermal stimulation,

inhibitor injection, and gas replacement, of which depressur-
ization was regarded as the most effective and promising one
[7–9]. The depressurization method is promoting the meth-
ane hydrate dissociation into gas and water by decreasing
the local pressure of the layer below the phase equilibrium
curve of gas hydrate [10]. The gas production effectiveness
under depressurization depends on whether pressure gradi-
ent could transmit in strata effectively and whether there is
enough heat energy to support the dissociation of gas
hydrates [11]. Enlarge the area of depressurized discharge is
one of the key factors in increasing the gas production
efficiency [12].

Up to now, the single well method is widely used in
hydrate exploitation under depressurization. However, the
single well method has its limitations on actual gas hydrate
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production. Take a single vertical well for example. This well
has a limited area contact with the hydrate reservoir which is
unfavorable for long-term production. Compare with the
single well method, the multilateral wells are proposed for it
has more contact area with reservoir and effectively increase
production well productivity under the same depressuriza-
tion [12–14]. The concept of multilateral wells originated
from reservoir production. The number of multilateral well
completions has increased substantially in the last several
years due to advances in directional drilling and completion
systems [15]. Up to now, there were more than 8000 multilat-
eral wells all over the world and obtained a remarkable
economic profit [16]. The technique for multilateral well dril-
ling in the offshore field faces more challenges than drilling in
the onshore field [17]. Thus, the offshore drilling for the mul-
tilateral well was few in actual production. In 2020, Guo et al.
developed a multilateral ultrashort radius drilling technology
for offshore oilfields assisted by the technologies of casing
program design, branching point selection, wellbore trajec-
tory design, and drilling parameter control technology and
also first applied this drilling technology in China offshore
oilfields fulfilled the kick-off operation successfully [18]. This
technology offered the possibility for applying the multilat-
eral wells technology in gas hydrate production.

The multilateral wells have been introduced into gas
hydrate production recently. In 2010, Wilson et al. found that
added several branches on the single vertical well can
improve gas production obviously during the prediction of
gas hydrate reserves in the North Slope of Alaska [19]. In
2018, Chen et al. proposed a novel exploitation technique
named large borehole with multilateral branches combined
moderate sand control exploitation technique [20]. In the
same year, Wan et al. invented a method for productivity
and reservoir stability analysis of hydrate depressurization
in multilateral wells. It provides an effective description
method for quantifying production capacity and stability
analysis of multilateral wells [21]. In 2019, Li et al. proposed
a methodology of hydrate production based on multilateral
wells. It can exploit the gas hydrate by thermal stimulation
and depressurization through the multilateral wells which
realized the circular utilization of energy in the hydrate reser-
voir [22]. Li et al. pointed out that the application of complex
structure Wells such as extended-reach horizontal well and
multilateral well should be considered in the research of
hydrate exploitation [23]. In 2020, Mao et al. compared the
methane hydrate productivity of a single vertical well and a
vertically distributed two-branch horizontal well by experi-
mental simulation under depressurization. The two-branch
horizontal well shows the advantage of stability in long-
term gas production [24]. The above investigations have
properly promoted the development of the application of
multilateral well in NGH production. Nevertheless, the opti-
mal combination of geometric parameters and gas and water
production performance of multilateral well in gas hydrate
production were not discussed a lot.

Generally, the multilateral well was divided into two
types named horizontal multilateral well and vertical multi-
lateral well according to the shape of the main well. Deter-
mining the optimal combination of geometric parameters

and manner of distribution of multilateral branches is vital
for gas hydrate exploitation [25, 26]. As is shown in
Figure 1, the geometric parameters of multilateral branches
mainly include the phase angle, the dip angle, the lateral
branches spacing, the diameter, and the horizontal displace-
ment of the lateral [27].

With a large demand but limited resources, India
embarked on exploring the exist of National Gas Hydrate
Program (NGHP). Up to now, India’s National Gas Hydrate
Program has steered two logging and coring expeditions [28].
The National Gas Hydrate Program 01 Expedition (2006)
found that most of the recovered gas hydrate was charac-
terized as a fracture-filling material in fine-grained (mostly
clay-rich) sediments [29]. Subsequently, the National Gas
Hydrate Program 02 Expedition (NGHP-02) operated in
2015. This expedition investigated four areas (Area A,
Area B, Area C, and Area D) from northeast to southwest
in the Krishna-Godavari Basin [30, 31], and a high satura-
tion of gas hydrate exists in the eastern continental margin
of India especially in area B [32]. This area is deep-water
channel-levee-fan systems with gas hydrate at high satura-
tion existed in silt to sandy sediments. However, the total
thickness of the hydrate layer is small which is unsuitable
to exploit by using a single vertical well method. So, the
multilateral well could be considered in the production
at this area.

In this paper, we take the Site NGHP-02-16 in Area B
of the Krishna–Godavari Basin as the aim area. We exten-
sively used the borehole geophysical logging, seismic inter-
pretation, and core analyses at Site NGHP-02-16 and,
then, established a geological model for investigating the
gas production performance by using a single vertical well
under depressurization from sand-rich gas-hydrate reser-
voirs in the ultradeepwater environment as a fundamental
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Figure 1: Schematic diagram for explanation of morphological
parameters of multilateral branches [27].
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comparison. Furthermore, we developed the multilateral
well models based on the single vertical well to investigate
the effect of geometric parameters and emplacing manners
of production interval on the production performance.
This work can provide useful suggestions for the future
gas production.

2. Simulation Model

2.1. Geological Setting. The study area is located on the
Krishna-Godavari Basin in the southeast of India which is
an important petroliferous basin with abundant organic mat-
ter contained. This basin was divided into four geographic
areas (Area A, B, C, and D) during the NGHP-02 expedition
(Figure 2) according to seismic data sets in which Area B and
C were deep-water channel-levee-fan systems with gas
hydrate at high saturation [33, 34]. The geological model
focus on site NGHP-02-16 in Area B. Water depth of this
location is 2546.5m. However, site NGHP-02-16 (2546.5m)
is much deeper than the test sites at the eastern Nankai
Trough (1000m) and the South China Sea (1266m) which
is defined as ultradeepwater. Based on the lithological struc-
ture, the sediment is divided into five units (Figure 3). Unit
1 includes high porosity mud-rich sediments. Unit 2 contains
mud-rich sediment and fracture-filling gas hydrates with low
concentration. Unit 3 is composed of uniform marine muds.
Reservoir of Unit 4 consisting of alternating fine gas hydrate-
bearing sand unit and mud unit which modeled as methane
hydrate concentrated zones (MHCZ). The thickness of the
target MHCZ is 24m and at the bottom of this unit is
water-bearing sand with no gas hydrate. Unit 5 is a section
of uniform marine muds with no gas hydrate present [35].

2.2. Model Setup

2.2.1. Model Geometry and Spatial Discretization. A cube
with a length is 740m, a breadth is 700m, and a thickness
is 84m is employed for the model domain (Figure 4). The
thickness of MHCZ is 24m (24 grids in Z direction), and
both the overburden and underburden layers are 30m. The
bottom of MHCZ is water-bearing sand whose thickness is
4m based on the well logging and core data at this site. The
production well with a radius of 0.1m is located in the center
of the model. And the production interval is 15m from the
top of MHCZ for isolating from the water-bearing below
MHCZ to prevent water production [35].

Figure 5 shows the schematic of the mesh designed in
this model. The simulation domain was discretized into
22 × 18 × 34 grids (13464 cells) in X, Y, and Z directions.
According to Yuan et al., the principal processes occur
around the production well within a limited distance dur-
ing the exploitation [36]. Therefore, the interval of each
grid in MHCZ is 1.0m along the z-coordinate. Vertical
grid size in both overlying and underlying layers is 5m.
The grid size along X and Y direction increased with the
minimum interval of 4m for the key process occurs within
20-30m around the production well.

2.2.2. Reservoir Properties and Parameters. According to the
data obtained from the field test in Krishna-Godavari Basin,
the main modeling parameters and physical properties of
NGHP-02-16 site are determined as shown in Table 1. In
order to simplify the simulation, layers of the model were
regarded as isotropic homogeneity. Key data used to charac-
terize the gas hydrate-bearing units are primarily obtained
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Figure 2: Location of Sites NGHP-02-16 (Area B), offshore India [35].
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from advanced well log suites acquired at Site NGHP-02-16
[30]. Measured vertical permeability value with Site NGHP-
02-16 reservoir is in the range from 0.03 to 190mD [37]. In
this simulation, we set permeability at 50mD in vertical
direction and 100mD in horizontal direction. The porosity
in sediment is 0.40 that is determined from the density log.
Konno et al. calculated the porosity from the density log data
[38], the result shows that the porosity in MHCZ at NGHP-
02-16 site has a vertical heterogeneity, and the value is in the
range from 0.2 to 0.8. In this simulation, we take the average.
The hydrate saturation in MHCZ is calculated by averaging
the values in the fine layer of logging data [38]. Figure 6
shows the Depth profiles of effective porosity, hydrate satura-
tion, initial effective and absolute permeabilities, pressure,
and temperature around the MHCZ at site NGHP-02-16.

Furthermore, the method used to decompose the solid
hydrate was depressurization. And the depressurization
processes both in this simulation lasted for 6 days [36]. The
wellbore pressure of the production well was decreased from
25.22MPa to 19.0MPa.

2.2.3. Initial and Boundary Conditions. The seafloor tem-
perature was 1.98°C, and the geothermal gradient was
0.066°C/m. The water salinity was set at 35 ppt. 272.8
meters below the seafloor is the top of MHCZ. The hydrate
was assumed to exist only in the sand layer, forming homo-
geneous hydrate-bearing sand, and the initial gas hydrate
saturation of the MHCZ was 70% [38–40]. The initial for-
mation pressure was specified in accordance with the
hydrostatic pressure. Initial pressure at the base of MHCZ
is 28.79MPa. The entire domain is in an equilibrium state
before the depressurization.

The top of the overburden and the bottom of the under-
burden are designed as constant temperature and pressure
boundaries. The boundary with 300m around the produc-
tion well is designed as no flow of fluids and heat exchange
boundary to avoid the boundary effects.

2.2.4. The Numerical Simulation Code.We used the TOUGH
+HYDRATE simulation software in this study. This code can
model the nonisothermal gas release, phase behavior, and
flow of fluids and heat under conditions typical of common
natural CH4-hydrate deposits. It includes both an equilib-
rium and a kinetic model of hydrate formation and dissocia-
tion. The model can describe all possible hydrate dissociation
mechanisms, i.e., depressurization, thermal stimulation,
salting-out effects, and inhibitor-induced effects [41].

3. Results and Analysis

3.1. Gas and Water Production Behaviors. Figure 7 shows the
evolution of the volumetric rate of produced gas at the sin-
gle vertical well and the evolution of volumetric rates of
water production in the well during a one-year production.
Early in depressurization is the stage that the wellbore
decompresses rapidly so the curves fluctuated greatly
(before t = 3 d). During t = 3 d to t = 15 d, the gas hydrate
sediment started to decompose because of the significant
decrease of borehole pressure so gas and water production
increased. In the initial short period (from t = 15 d to t =
100 d), the gas hydrate sediment decomposed along with
the production well within limited sediment in vertical
direction (20m), and the decompose of hydrate is an endo-
thermic proceed results in temperature decline around the
well which result in gas production decreased. Due to the
effect of the pressure difference, water flows into the pro-
duction well. At the moment, the hydrate decomposition
rate is affected, and the rate of decomposition decreased.
From t = 100 d to t = 365 d stage, more gas hydrate sedi-
ment decomposes quickly. The reasons for this trend may
be as follows: in this stage, the decomposition range of
hydrate expanded in horizontal direction due to depressur-
ization transmission in MHCZ. Therefore, the decomposi-
tion rate of the hydrate reservoir begins to increase.

2000

2000

2000

2000

2726.0

Unit 1

Unit 2

Unit 3

Unit 4

Unit 5

2847.0

2847.0

2871.9

2819.0

2000

2000

Figure 3: NGHP-02 Area B reservoir composite well log for the
Hole NGHP-02-16 [35].
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Depressurization result in the reservoir compression has
effects on decreases in formation porosity and intrinsic per-
meability which account for the fluid flow behavior so the
water production rate decreased after t = 15 d. The average
values of gas production rate are about 3080m3/d.

3.2. Evolution of Physical Properties. Figure 8 indicates the
evolution of pressure, temperature, hydrate saturation, and
gas saturation in the hydrate reservoir due to depressuriza-
tion within a one-year production. Physical properties are
significant for analyzing the decomposition behavior of
hydrates.

3.2.1. Spatial Distribution of Pressure. Figure 8(a) shows the
spatial distribution of pressure in the hydrate reservoir due
to depressurization. The production well is located in the
center of the model. In the early stage, pressure in the well-

bore reduced rapidly which create a high-pressure gradient
near the production well. Then, the pressure gradient extends
along X and Y directions. With hydrate dissociating, the
effective permeability increased so the pressure conducted
faster in the dissociation region. The range of depressuriza-
tion is over 150m during a one-year exploitation.

3.2.2. Spatial Distribution of Temperature. In Figure 8(b), the
spatial distribution of temperature of the hydrate reservoir
is shown. Decomposition of hydrate is an endothermic pro-
cess which means the low-temperature zone is connected
with the hydrate decomposition. The low-temperature zone
extends more rapidly in MHCZ with high hydrate satura-
tion and high permeability. The range of the temperature
reduction zone is over 150m during a one-year exploitation
as well.
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3.2.3. Spatial Distribution of Hydrate Saturation. Figure 8(c)
indicates the spatial distribution of hydrate saturation in
the hydrate reservoir due to depressurization. The spatial
distribution of hydrate saturation could directly reveal
the dissociation performance. The hydrate dissociates
mainly around the production well and dissociates a lot
in X and Y directions. That may be hydrate dissociation
increases the effective permeability of the deposits aniso-
tropic permeability makes the pressure decrease rapidly
in these two directions. During a 365-day production,
hydrate has completely dissociated within approximately
40 meters around the well.

3.2.4. Spatial Distribution of Gas Saturation. The spatial dis-
tribution of gas hydrate plays an important role in under-
standing the gas production behaviors and to evaluate the
formation of “secondary hydrate.” In Figure 8(d), we could
see that the occurrence area of free gas has increased with
its saturation decreased. The “secondary hydrate” can be
observed in the zone about 50m away from the production
well. This saturation occurs mainly for the reason that as
hydrate decomposed, this area forms a low-temperature
zone. However, the pressure distribution gradually tends to
be stable. The free gas and water reforming hydrate in the
zone with low temperature and high pressure.

Table 1: Hydrate deposit properties at the NGHP-02-16 site.

Parameter Value Parameter Value

Water depth [38] 2546.5m Dry thermal conductivity 1.0Wm-1°C-1

Overburden thickness 30m Wet thermal conductivity 2.917Wm-1°C-1

Underburden thickness 30m Geothermal gradient [35] 0.066°C/m

MHCZ thickness 24m Pressure at the bottom of the MHCZ 28.79MPa

Gas composition 100%CH4 Rock grain density 2600 kg/m3

Water salinity 3.5% Seafloor temperature 1.98°C

Porosity of MHCZ [38–40] 0.40 Hydrate saturation in MHCZ [33, 35, 38] 0.7

Diameter of lateral branch 40mm Diameter of main borehole 0.1m

Intrinsic permeability of MHCZ
kx = ky = 100mD

kz = 50mD Pore compressibility 1:0 × 10−8 Pa−1

Capillary pressure model [43] Pcap = −P0 S∗ð Þ−1/m − 1
h i1−m

S∗ = SA − SirAð Þ/ SmxA − SirAð Þ
SmxA [36] 1.0 P0 [45] 1:0 × 105 Pa
m 0.45 SirA 0.39(clay),0.29(sand)

Relative permeability model [44] KrA = SA − SirAð Þ/ 1 − SirAð Þ½ �n KrG = SG − SirGð Þ/ 1 − SirAð Þ½ �nG
n [44] 5.0 nG [46] 3.572

SirA 0.40 (clay), 0.29 (sand) SirG 0.05
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temperature around the MHCZ at site NGHP-02-16 [38].
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4. Discussion

The single vertical well has its limitation on gas hydrate
exploitation. For example, the limited contact area of a single
vertical well will limit the transfer range of temperature and
pressure during the exploitation which will affect the hydrate
decomposes rate. Consequently, the well structure and pro-
duction strategy needs to be optimized for improving the
gas recovery efficiency. According to previous research, the
optimal combination of geometric parameters and distribu-
tion manner of multilateral branches is vital for improving
the gas recovery of multilateral well [42]. There are two dis-
tribution manners of multilateral branches based on the span
scale of multilateral branches. Type A is the well profile with
a vertical depth of multilateral branch that outweighs the
reservoir depth, and the well profile named type B is a vertical
depth of multilateral branch that is less than the hydrate
reservoir thickness. Type A profile has the advantage of
long-term stimulation but higher drilling and completion
difficulties. Type B profile can quickly stimulate the hydrate
decomposed but instability of geotechnical engineering may
put the reservoir at risk [27]. Therefore, we take Type A
profile to simulate the gas production performance by multi-
lateral well under depressurization (Figure 9).

This paper mainly deals with the impact of geometric
parameters (dip angle of lateral branch, number of lateral
branches, and spacing of lateral branches) on multilateral
well productivity. All of the multilateral vertical well models
are based on the single vertical well model mentioned above.

4.1. Different Dip Angle of Lateral Branch. Three different
cases (Figure 10) with different dip angles (dip angle = 30°,
45°, and 60°) of the lateral branch (Table 2) are designed to
investigate the effects of the dip angle of the lateral branch
on gas production performance of two branches well. The

bottom hole pressure is maintained at 19MPa, and the other
physical properties of the hydrate reservoir are the same. The
lateral branches are distributed symmetrically on the two
sides of the main wellbore. Figure 11 shows the evolution of
the volumetric rate (QG) of produced gas at multilateral
vertical well and the evolution of volumetric rates of water
production (QW). In Figure 11(a), we could see that the
volumetric rate of gas production in Case 1-3 is significantly
higher than that in Case 1-1 and Case 1-2. The average values
of QG in Case 1-1, Case 1-2, and Case 1-3 are about 3580,
3944, and 4891m3/d. According to Figure 11(b), the volu-
metric rate of water production QW in Case1-3 is the highest.
The average values ofQW in Case 1-1, Case 1-2, and Case 1-3
are about 1118, 1224, and 1425m3/d. Figure 12 shows the
evolution of gas-to-water ratio (RGW) for one-year produc-
tion period. Initially, the RGW of multilateral wells is slightly
lower than that of single vertical well. After 50 days’ produc-
tion, the RGW of multilateral wells obviously higher than the
RGW of single vertical well and the RGW in Case 1-3 is the
highest. During the late stages of the production, the RGW
in Case 1-2 and Case 1-3 declined rapidly. This can also be
verified by the corresponding hydrate and gas saturation dis-
tributions (Figure 13). During the 365-day production, the
hydrate decomposed faster and extending a wider range in
Case 1-3 compared with the others. In Figure 13(f), 25m
around the lateral branch exists the “second hydrate.”

Both the absolute criteria and relative criteria discussed
earlier illustrate the obvious superiority of Case 1-3 and Case
1-2. This may be because the larger dip angle of the lateral
branch means the longer vertical depth of the lateral branch.
So, the contact area of the multilateral well is extended which
is beneficial for pressure and temperature to transmit. How-
ever, more hydrate decomposed comes with the higher water
production even produced the “second hydrate” which have
an impact on hydrate long-term exploitation. Consequently,
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we used Case 1-2 which the dip angle of the lateral branch is
45° to study the optimal combination of the other geometric
parameters.

4.2. Different Numbers of Lateral Branches. Three different
cases with different numbers of the lateral branch (number
of lateral branches are 2, 3, and 4) of the lateral branch
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Figure 8: Evolution of physical properties in the simulated hydrate deposits.
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Z directions).
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Table 2: Different dip angles of lateral branch designs are investigated in the simulations.

Case
Lateral branches

spacing/m
Dip angle of
lateral branch

Phase angle of
lateral branches

Vertical depth of
lateral branch/m

Diameter of
lateral branch/mm

1-1 0 30° 180° 7.51 80

1-2 0 45° 180° 13 80

1-3 0 60° 180° 22.52 80
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Figure 11: Evolution of volumetric rates of (a) gas production rate and (b) water production rate from hydrate reservoirs under different dip
angles of the lateral branch during the one-year production period. The inset shows volumetric rates of the gas production and water
production from hydrate reservoir within 50 days.
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(Table 3) are investigated in this study to discuss the test pro-
duction performance within one year. The distribution of lat-
eral branches is shown in Figure 14. For comparison, the

bottom hole pressure is maintained at 19MPa, the dip angle
of all lateral branches is 45°, and the other physical properties
of the hydrate reservoir remain unchanged. In Figure 15(a),
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Figure 13: The distributions of hydrate saturation and gas saturation under conditions of different dip angles of the lateral branch at
t = 365 days.

Table 3: Different numbers of lateral branch designs are investigated in the simulations.

Case
Lateral branches

spacing/m
Dip angle of
lateral branch

Phase angle of adjacent
lateral branches

Vertical depth of
lateral branch/m

Diameter of
lateral branch/mm

Number of
lateral branches

2-1 0 45° 180° 13 80 2

2-2 0 45° 90°/180° 13 80 3

2-3 0 45° 90° 13 80 4

MHCZ

Case 2-1 Case 2-2 Case 2-3

MHCZ MHCZ

Figure 14: Different numbers of the lateral branch (number of lateral branches in Case 2-1, Case 2-2, and Case 2-3 are 2, 3, and 3) (in X and
Y directions).
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QG in Case 2-3 with the four lateral branches well is higher
than the other cases. After t = 300 d, QG in Case 2-2 is
approaching to QG in Case 2-3. The average values of QG in
Case 2-1, Case 2-2, and Case 2-3 are about 3944, 4386, and
4771m3/d. The difference of QW in Case 2-1, Case 2-2, and
Case 2-3 is very slight (Figure 15(b)). The average values of
QW in Case 2-1, Case 2-2, and Case 2-3 are about 1224,
1341, and 1465m3/d. Figure 16 shows the evolution of RGW
during one-year production in different cases. Similarly, the
RGW of multilateral wells are slightly lower than that of single

vertical well in initial time and the RGW of multilateral wells
dropped rapidly after 300-day production. From t = 50 d to
t = 300 d, the RGW in Case 2-3 higher than the RGW in Case
2-2 and Case 2-1.

This can be explained by the characteristic of flow-related
reservoir properties, as is shown in Figure 17. The pressure
drops rapidly around the production interval causing signif-
icant hydrate decomposition and gas production. Increasing
the branches of the multilateral wells causes the superposi-
tion of depressurization around the well which accelerates
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Figure 15: Evolution of volumetric rates of (a) gas production rate and (b) water production rate from hydrate reservoirs under different
numbers of lateral branches during the one-year production period. The insert shows the gas production rate and water production rate
during a 50-day production.
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the decomposition of hydrate. However, interference of sym-
metrical flow field between branches will hinder gas-liquid
flow, with a “static zone” occurred in the central of the
branches. On the whole, compared with other cases, Case

2-3 has its advantages in a one-year production. The simula-
tion results suggest that the favorable lateral branch number
scheme should consider the well interference effect in the
actual field test.
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Figure 17: The distributions of hydrate saturation and gas saturation under conditions of different numbers of lateral branches at t = 365 days.
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Figure 18: Different spacing of lateral branches (spacing of lateral branches in Case 3-1, Case 3-2, and Case 3-3 are 0, 4, and 8m) (in X and
Z directions).

Table 4: Different spacing of lateral branches designs is investigated in the simulations.

Case
Lateral branches

spacing/m
Dip angle of
lateral branch

Phase angle of adjacent
lateral branches

Vertical depth of
lateral branch/m

Diameter of
lateral branch/mm

Number of
lateral branches

3-1 0 45° 180° 13 80 2

3-2 4 45° 180° 13/9 80 2

3-3 8 45° 180° 13/5 80 2
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4.3. Different Spacing of Lateral Branches. In this study, three
different cases with different spacing of lateral branches
(spacing of lateral branches are 0, 4, and 8m) (Figure 18,
Table 4) are investigated to discuss the test production per-
formance. For comparison, the bottom hole pressure is
maintained at 19MPa, the dip angle of all lateral branches
is 45°, and the other physical properties of the hydrate res-
ervoir remain unchanged. Figure 19 shows the evolution of
the volumetric rate (QG) of produced gas at multilateral
vertical well and the evolution of volumetric rates of water

production (QW). As shown in Figure 19(a), QG in Case 3-1
is the biggest in the three cases during the production.
From t = 0 d to t = 50 d stage, QG in Case 3-1 is slightly
higher than the other cases. The average values of QG in
Case 3-1, Case 3-2, and Case 3-3 are about 3944, 3134,
and 3422m3/d. The difference of QW in the three cases is
very slight (Figure 19(b)). The average values of QW in
Case 3-1, Case 3-2, and Case 3-3 are about 1224,1014,
and 1121m3/d. Figure 20 shows the evolution of gas-to-
water ratio (RGW). RGW in Case 3-1 is higher than the
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Figure 19: Evolution of volumetric rates of (a) gas production rate and (b) water production rate from hydrate reservoirs under different
spacing of lateral branches during the one-year production period. The insert shows gas production rate and water production rate during
a 50-day production.
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Figure 21: The distributions of hydrate saturation and gas saturation under conditions of different spacing of lateral branches at t = 365 days.
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RGW in Case 3-2 and Case 3-3 during production from t =
50 days to t = 300 days.

This can be explained by the characteristic of flow-related
reservoir properties, as shown in Figure 21. The hydrate near
the wellbore decomposed firstly. Larger spacing of lateral
branches means shorter vertical depth of lateral branch
which indicates lower efficiency of depressurization. What
is more, the less spacing of lateral branches is, the stronger
well interference between the branches will be which leads
to the range of “static zone” increased vertically. Both the
absolute criteria and relative criteria discussed earlier illus-
trate the obvious superiority of Case 3-1. The simulation
results suggest that the vertical depth of the lateral branch
has more influence on gas production than the spacing of lat-

eral branches does, which should be considered in the option
of geometric parameters of the multilateral well.

4.4. Summary. Figure 22 is the evolution of the gas-to-water
ratio (RGW) under all different cases which can evaluate the
hydrate production efficiency. The higher RGW indicates a
small cumulative volume of produced water relative to the
cumulative volume of the gas production. As shown in this
figure, RGW in base case (single vertical well) is the highest
during t = 0 d to t = 50 d. From t = 50 d to t = 300 d stage,
RGW in Case 2-3 with four lateral branches and Case 1-3
(the dip angle of two lateral branches are 60°) is higher than
the other cases. However, after the 300-day production of
RGW in multilateral wells, cases drop less than RGW in base
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Figure 23: Gas production volumes under different distributions of lateral branches on 365 days.
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cases. Figure 23 shows the cumulative gas production
volumes in different cases in 365 days. For the 365-day
depressurization test, gas production volumes in Case 2-3
and 1-3 are bigger than the other cases increases from 2:85
× 106 to 4:11 × 106 and 4:18 × 106 m3 compared with base
case, increased by 30.5% and 31.6%, respectively. Gas pro-
duction volumes in Case 1-1, 1-2 (same with 2-1 and 3-1),
2-2, 3-2, and 3-3 (with four lateral branches) are increased
by 12.5%, 21.6%, 26.8%, 5.8%, and 12.8%. In Figure 24, the
cumulative water production volumes under different distri-
bution of lateral branches on 365 days are shown. Similarly,
the cumulative water production volumes in Case 2-3 and
1-3 are bigger than the other cases. The value in Case 2-3
and 1-3 are 4:31 × 105 and 4:41 × 105 m3.

Based on this tendency, we could draw the conclusion
that the vertical depth of lateral branches has an impact on
the gas production efficiency, the bigger vertical depth of lat-
eral branches is, the larger the decompression range is. And
the gas production volume increases rapidly will lead to the
water production increases. Additionally, the well interfer-
ence between lateral branches is essentially the superposition
of the pressure drop propagation of adjacent branches. This
superposition of the pressure drop can promote the decom-
position of hydrate effectively. When the pressure around
the production well maintains a stable state, the interference
of symmetrical flow field between branches will hinder gas-
liquid flow with a “static zone” occurred. During this time,
the well interference between lateral branches is disadvanta-
geous for gas production.

5. Conclusions and Suggestions

Numerical simulations were used to evaluate the gas produc-
tion performance of the reservoir by depressurization based
on the geological data acquired during NGHP02 from
NGHP-02-16 site in the KG basin. Then, we investigate the
gas production performance of multilateral wells with differ-
ent combinations of geometric parameters of multilateral
branches. Based on the numerical simulations, we can draw
the following conclusions:

(1) The multilateral well method can effectively increase
the gas production rate from the hydrate reservoir
compared with the traditional single well method.
The cumulative gas production volume of a single
vertical well is about 2:85 × 106 m3, while it is of the
multilateral well can reach 4:18 × 106 m3 during the
one-year production. The multilateral well can
increase the hydrate decomposition contact area by
increasing the multilateral branches based on the
main wellbore which can raise the pressure and tem-
perature transmission efficiency around the borehole.
However, the hydrate decomposition rapidly will
lead to the water production rate increase slightly

(2) Optimization of the geometric parameters of lateral is
vital for multilateral well technology. The well inter-
ference between lateral branches, the effective influ-
ence radius of each multilateral branches, and the

vertical depth of the lateral branch are the main
factors which should be considered in the option of
geometric parameters of the multilateral well. And
the well interference between lateral branches shows
different effects on gas production during different
production stages. Initially, this superposition of the
pressure drop can promote the decomposition of
hydrate efficiently, while it will cause a “static zone”
occurred which is bad to enhance the gas production
efficiency in the last period. In the hydrate layer with-
out the “static zone” occurred, the longer the vertical
depth of the lateral branch, the larger decomposed
range of the hydrate. However, the more the lateral
branches, the faster decomposed of the hydrate with
the larger the failure zones within a certain produc-
tion duration which is unfavorable for lengthening
the exploitation period. In this model, the dip angle
of the lateral branch is greater than 30°, lateral
branches spacing is 0m, and the number of branches
is 2-3 are beneficial for long exploitation

(3) The site NGHP-02-16 (2546.5m) is much deeper
than the test sites at the eastern Nankai Trough
(1000m) and the South China Sea (1266m) which
is defined as ultradeepwater. So, the site NGHP-02-
16 is more suitable for big pressure drop. The thin
thickness of the MHCZ with high gas hydrate satura-
tion of this site determined multilateral well method
could be used during the exploitation

(4) Optimization of the geometric parameters of lateral is
complex in the actual field test. The optimization
should also consider the indicators such as drilling
cost and estimated production duration
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