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Over 90% of the global hydrate resources are stored in very-low-permeability clayey silt
reservoirs. The low permeability significantly restricts the efficiency of gas and water
flow into the production well. To enhance gas production efficiency in low-permeability
hydrate reservoirs, the high-pressure rotating water jets (HPRWJ) technology is
proposed to construct near wellbore artificial fractures (NWAFs) in hydrate
reservoirs. The HPRWJ avoid the risks of hydraulic fracturing as well as large-scale
reservoir damage, which makes it more suitable for constructing fractures in hydrate-
bearing sediments (HBS). In this article, the site SH7 in the South China Sea is studied
to evaluate the feasibility of this technology for enhancing gas production of low-
permeability hydrate reservoirs by numerical simulation. The results show that the gas
productivity is increased by approximately three times by using the HPRWJ technology
to construct NWAFs with a depth of 3 m. It is suggested that the proposed technology
is a promising method for improving gas production from the low-permeability hydrate
reservoirs. Furthermore, the gas production performance is closely related to NWAF
depth, NWAF permeability, and NWAF spacing. For the site SH7 in the South China
Sea, the NWAF depth, permeability, and spacing are recommended as 3 m, 3D, and
3 m, respectively.

Keywords: natural gas hydrate, high-pressure rotating water jets, near wellbore artificial fractures, low-permeability
reservoirs, production enhancement

INTRODUCTION

The energy demand is growing continually with the development of a global economy (Aydin
et al., 2016). According to the International Energy Outlook et al., 2011 of the U.S. Energy
Information Administration, the global energy demand will increase by 50% by 2050 and the
most energy demand must be satisfied by renewable energy and natural gas (The U.S. Energy
Information Administration, 2019). Natural gas hydrates (NGHs) are white, cage-shaped,
crystalline solids composed of water and gas molecules, mainly methane, that widely occur
in the permafrost and deep oceanic sediments at high pressure and low temperature (Sloan et al.,
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2008; Su et al., 2011; Sun et al., 2012; Qorbani et al., 2017). The
global survey has proved that there is a large quantity of
hydrate-bound natural gas that is mainly stored in marine
sediments (Moridis and Sloan, 2007c). As a kind of clean and
high-energy density resources, the NGHs are considered as a
potential resource to meet the rapidly escalating global energy
demand.

To harvest natural gas, NGHs have to be converted in situ to
free gas. Several production methods have been proposed, such as
depressurization (Yuan et al., 2017; Myshakin et al., 2018; Lei
et al., 2022), thermal injection (Chong et al., 2016; Yu et al., 2019),
gas replacement (Koh et al., 2016; Rossi et al., 2018), and inhibitor
injection (Sun Y. et al., 2019; Mu and von solms, 2020). All these
methods have been successfully conducted in field trial tests. For
example, inhibitor injection was tried in the development of the
Messoyakha gas hydrate field (Makogon and Omelchenko, 2013).
The test results showed that depressurization is the most
economical and effective method for exploiting gas from NGH
reservoirs (Hancock et al., 2005; Yamamoto and Dallimore,
2008a; The Ignik Sikumi Gas Hydrate Exchange Trial Project
Team, 2012). Therefore, four offshore gas production tests have
been conducted using the depressurization method in the Eastern
Nankai Trough and the South China Sea. However, the highest
daily gas production was only 2.87 × 104 m3. (Li et al., 2018; Ye
et al., 2020). Therefore, the improvement of gas production
efficiency is still a challenge for NGH exploitation because of
the current low efficiency.

The key factors affecting gas production efficiency have
been widely investigated. Wang et al. (2013) and Konno et al.
(2014) analyzed the effect of production pressure on gas

production and concluded that a larger volume of gas could
be produced at a lower well pressure. Moridis et al. (2007b)
investigated formation property factors affecting gas
production and revealed that reservoir permeability was a
very important factor controlling hydrate dissociation and
gas production and that a lower reservoir permeability was
associated with a lower gas production efficiency. However,
oceanic NGH in clayey silt sediments with a potential
development value have low porosity and poor original
effective permeability because the pores are filled with solid
hydrates (Fujii et al., 2015; Huang et al., 2015; Yoneda et al.,
2017). Although the initial permeability of sediments at site
SH7 of the Shenhu area in the South China Sea is 7.5–10–14 m2,
the effective permeability is only approximately 1.0 × 10–14 m2

when the NGH pore fill is 40%, according to the relationship
between porosity and permeability (Moridis et al., 2008). This
will greatly restrict the transfer of pressure and heat between
the production wells and the strata, which decreases the
production efficiency of the decomposed gas and the
dissociation continuity of NGH. Unfortunately, more than
90% of the global NGH is located in the clayey silt
sediments with very low permeability (Boswell and Collett,
2011). Therefore, it is important to improve the gas production
efficiency from low-permeability clayey silt sediments.

To promote the hydrate production performance, various
methods have been investigated through numerical simulation,
including well heating and hot water injection combined with
depressurization, but the enhancement of gas production is
limited (Su et al., 2012; Su et al., 2013). For example, using
the well heating method, via heating a production well can only
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affect the dissociation reaction in the vicinity of the production
well. In addition, the hot water injection method cannot transfer
injected hot water very far from the well due to the low
permeability of reservoirs (Feng et al., 2019b). Although, the
horizontal well can dramatically increase the gas production
rates, the high operating costs and technical difficulty restrict
its large-scale application (Feng et al., 2019a; Yuan et al., 2021b).

In recent years, the enhancement of gas production based on
large-scale fractures constructed by hydraulic fracturing
technology has been investigated through numerical
simulations. For example, Chen et al. carried out the study on
depressurization efficiency of a hydraulic fractured NGH
reservoir, in which the fracture depth was 40 m (Chen et al.,
2017). Feng et al. evaluated the efficacy of the combination of
hydraulic fractures and depressurization and constructed an
elliptic hydraulic fractured zone in an NGH reservoir, and the
corresponding semi-major axis and semi-mini axis were 50 and
20 m respectively (Feng et al., 2019b). The simulation results
indicated that the large-scale hydraulic fractures can greatly
improve the CH4 gas production rates during the
depressurization process in the hydrate reservoir.

However, there are some challenges for the practical
application of hydraulic fracturing technology in marine
NGH reservoirs. The main challenges are as follows: (1)
Marine NGH reservoirs are normally buried in the shallow
seabed and the unconsolidated hydrate-bearing sediments
exhibiting limited shear strength, especially after the
hydrates have dissociated. (2) The NGH reservoirs are
significantly thin. (3) There are distinct differences in the
breakdown pressure between hydrate-bearing sediments and
non-hydrate-bearing sediments, which are more than 10 MPa
and less than 1 MPa, respectively (Too J. L. et al., 2018; Too
J. L. et al., 2018). (4) The directivity, depth, and height of the
fractures constructed by hydraulic fracturing are hard to
control in unconsolidated sediments. As a result, high-
pressure fracturing fluids (10 MPa) are liable to move
through the non-hydrate-bearing overburden once the fluids
break through hydrate-bearing sediments during hydraulic
fracturing. Therefore, fractures that cut-through hydrate-
bearing sediments and the seafloor are liable to form,
causing environmental unfriendly gas seepages,
uncontrolled dissociations, or blowouts (Koh et al., 2016).
Moreover, the large-scale deep (tens, even hundreds of
meters) fractures constructed by hydraulic fracturing
technology destroy the structural stability of hydrate-
bearing sediments (HBS), which is adverse to the long-term
economic and feasible gas production from marine NGH
reservoirs (Goto et al., 2016; Kim et al., 2016).

To solve the aforementioned challenges when exploiting gas
from low-permeability clayey silt NGH reservoirs, the authors
proposed the strategy of adopting the HPRWJ technology to
construct NWAFs in order to improve the permeability of near
wellbore reservoirs. The HPRWJ technology is widely used in
conventional oil and gas reservoirs to enhance production. When
constructing fractures using this method, high-pressure water (or
water with added sand, expansion inhibitor, or clay stabilizers) is
injected through a rotating nozzle to generate jets to penetrate

into reservoirs, ultimately forming cylindrical jet artificial
fractures around the wellbore (Li et al., 2002). As a result,
NWAFs, whose depth is an order lower than that of the large-
scale deep hydraulic fracturing fractures, are formed and the
permeability of near wellbore reservoirs is distinctly improved.
While constructing fractures, the jet pressure, rotary speed,
processing interval, and processing time can be selected and
controlled according to geological conditions, which means the
fracture position, depth, and spacing are easy to control. While
avoiding the risks of hydraulic fracturing, the NWAFs
constructed by the HPRWJ technology have the following
advantages: (1) The fracture position, spacing, and depth are
easy to control. (2) The fractures are not likely to create large-
scale reservoir damage. (3) Compared with hydraulic fractures,
NWAFs can extremely maintain the stability of the hydrate
reservoir. These advantages are beneficial to the long-term
stable and economic exploitation of marine NGH reservoirs.
Creating NWAFs using the HPRWJ technology is more
feasible than the hydraulic fracturing fractures in marine NGH
reservoirs. Moreover, the formation of hydrates in a sediment-
hosted pore space increases the mechanical strength of the host
sediments, making some of its physical and mechanical
properties close to those of semi-consolidated marine
sediments and increasing the feasibility of creating artificial
fractures in NGH reservoirs. The feasibility has been reported
by Konno et al. (2016) who found that the permeability of NGH-
bearing sand was increased by fracturing and was maintained
even after re-confining and closing the fractures. In addition, Too
J. L. et al. (2018) and Too J. L. et al. (2018) examined the
susceptibility of HBS with high saturation to fracture, and
constructed artificial fractures. Therefore, creating NWAFs
using the HPRWJ technology before gas production by
depressurization is feasible and this work provides an
alternative approach to produce gas more effectively from low-
permeability clayey silt NGH reservoirs.

Based on low-permeability clayey silt NGH reservoirs in the
South China Sea, the authors constructed a series of reservoir
models with NWAFs to investigate the feasibility of the proposed
strategy. Specifically, a depressurization vertical well was used to
conduct our study, because it is the most practical and
economical method for large-scale and long-term exploitation
of marine NGH reservoirs. Furthermore, the effects of the factors
of NWAFs such as depth, permeability, and spacing on the gas
production performance were also tested in detail. This work may
suggest an advantage reference for improving gas production
efficiency from low-permeability clayey silt NGH reservoirs in the
future.

MATERIALS AND EQUIPMENT

Completion of NWAFs in HBS
As shown in Figure 1, the HPRWJ tool consists of filters, a
one-way valve, centralizer, rotation controller, and self-
oscillation nozzles. While constructing NWAFs using the
HPRWJ technology, the tool is lowered into the borehole at
the perforation intervals using the connecting tubing. Then,
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high-pressure clean water (or water with added sands,
expansion inhibitor, or clay stabilizers) is pumped through
the tubing, filters, one-way valve, and nozzles to generate jets.
Simultaneously, the nozzles are rotated by the rotation
controller and the rotary speed is adjusted by the
dampener. The impurities in the perforations become loose
and will be removed with the back flow under repeated jet
impacts. Then axisymmetric cylindrical artificial fractures are
obtained near the wellbore in the selected position. The tool is

able to move up and down to the next position by the draw
work of the tubing. Therefore, a series of axisymmetric
cylindrical artificial fractures are obtained very easily.
Furthermore, fracture shapes can be kept by adding sand to
the jet water or replacing the jet water with coagulable and
permeable grouting mixtures (Yuan et al., 2021a; Li et al.,
2021). This article focuses on the impacts of NWAFs on the
hydrate production performance, the geomechanical effect on
fractures’ permeability, and the geomechanical response

FIGURE 1 | Schematic of bottomhole assembly of the high-pressure rotating water jets tool.

FIGURE 2 | Location of the Shenhu area, South China Sea (Wu et al., 2011).
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associated with the fractures that are not considered during gas
production. However, the geomechanical effect and response
will be further investigated.

METHODS

Background
The Shenhu Area is the first NGH reservoir exploited in China.
It is located in the middle part of the northern slope between
the Xisha Trough and the Dongsha Islands in the South China
Sea (Figure 2) (Wu et al., 2011). During GMGS-1 in 2007,
three of the five sites (sites: SH2, SH3, and SH7) cored in this
area were detected of having high concentrations of NGH. The
thickness of the hydrate-bearing sediments (HBS) is 10–43 m
and the bottom of the HBS is situated directly above the base of
the gas hydrate stability zone, which is suitable for exploitation
(Wang et al., 2011). Core sampling and well logging analysis of
the SH7 site indicated that the NGH exist at depths of
155–177 m below the seabed, with a water depth of 1,108 m.
The sediment porosity and NGH saturation are 33–48% and
20–44%, respectively (Li et al., 2011a). The overburden and
underburden layers are similar to HBS but lack of hydrates
sedimentary. In situ measurements show that the bottom
temperature is approximately 3.7°C with a geothermal
gradient of 43.3°C·km−1. The main component of the gas is
methane (96.10%–99.91%), with other gases mainly consisting
of C2H6 and C3H8. In addition, the sediments are mainly
composed of silty clay and clay silt with a millidarcy-range
intrinsic permeability.

Numerical Simulation Code
In this study, the TOUGH + HYDRATE V1.5 software was used
to investigate the effects of NWAFs on the gas production of
NGH reservoirs (Moridis, 2014). The accuracy of this software
has been tested by massive studies at different hydrate sites
around the world. The following assumptions were made
when using this simulator (Moridis, 2014): (1) Darcy’s law is
valid in the model domain, (2) the mechanical dispersion of
dissolved gases and inhibitors is ignored, (3) the movement of the
geologic medium is not described, (4) the aqueous phase is not
allowed to disappear when salts are present, (5) the dissolved
inhibitors do not affect the thermophysical properties of the
aqueous phase, and (6) the inhibitor is a non-volatile
component. The governing equations for its multiphase flow
and heat convection and conduction processes are given as
follows.

1) Components and phases:

Four phases, namely, solid-hydrate (H), aqueous (A), gaseous
(G), and ice (I) phases are continuously distributed in the pore of
HBS. The four components, including water (w), methane (m),
hydrate (h), and salt (i), are partitioned among four possible
phases. For simplicity, the κ and β indicators are used in the
subsequent equations to define these components and phases,
respectively.

According to the thermodynamic state of HBS, the quantity of
formed hydrate or the quantity of released methane gas is
determined by the following reaction:

CH4 +NHH2O � CH4 ·NHH2O, (1)

2) Mass balance:

The governing equation for the flow of multicomponent fluid
mixtures determined based on the mass balance is as follows:

d

dt
∫

Vn

MκdV � ∫
Γn

Fκ · ndΓ + ∫
Vn

qκdV, (2)

whereMκ, Fκ, and qκ are the mass accumulation, flux, and source/
sink ratio of component κ, respectively.

The mass accumulation term Mκ is determined by

Mκ � ∑
β�A,G,H,I

φSβρβX
κ
β, (3)

The mass flux term Fκ includes the contribution from the
aqueous and gaseous phases and the equation is as follows:

Fκ � ∑
β�A,G(Fκ

β + Jκβ), (4)

For the aqueous phase, Fκ
A is calculated by multiphase Darcy’s

law using the following equations:

Fκ
A � Xκ

AFA, FA � −k krAρA
μA

(∇PA − ρAg), (5)

For the gaseous phase, FκG is affected by the Klinkenberg
function and is determined by

Fκ
G � Xκ

GFG, FG � −k(1 + b

PG
) krGρG

μG
(∇PG − ρGg), (6)

The diffusive mass flux of component κ (κ = m,i) is calculated
using Fick’s law. It is defined as

Jκβ � −φSβτβDκ
βρβ∇X

κ
β, (7)

3) Energy balance:

The governing equation for the heat flow determined based on
the energy balance is as follows:

d

dt
∫

Vn

MθdV � ∫
Γn

Fθ · ndΓ + ∫
Vn

qθdV, (8)

where θ denotes the heat component and Mθ, Fθ, and qθ are the
heat accumulation, flux, and source/sink ratio, respectively.

The heat accumulation term includes contributions from the
rock matrix and all the phases, and the equation is as follows:

Mθ � (1 − φ)ρRCRT +∑
β�A,G,H,I

φSβρβUβ + Qd, (9)

The heat flux term includes conduction and advection, and the
equation is as follows:
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Fθ � −λθ∇T +∑
β�A,G hβFβ, (10)

Reaction heat Qd of hydrate dissociation is calculated by

Qd � {Δ(φρHSHΔUH)for equilibriumdissociation
ΔQH · UH for kinetic dissociation

, (11)

Model Construction
This study investigated the stimulated production performance
with special emphasis placed on NWAFs and compared these
results with the production potential determined using a
conventional vertical well. To this end, two different cases
were defined as follows:

1) Case 1: gas production using conventional vertical well design,
as shown in Figure 3B.

2) Case 2: gas extraction using a vertical well with NWAFs, as
shown in Figure 3C.

According to Li et al. (2002), when using the HPRWJ
technology to construct NWAFs, the impact pressure, which is
the pressure that the jet impacts at the sediment surface, will
increase linearly with the increase of pump pressure, and the
impact pressure is about 80–90% of pump pressure. Under the
pump pressure of 20 MPa, the fracture’s depth and height in the
consolidated sediment can be up to 1 m, 500 mm respectively and
the impact pressures still reach 3.0 MPa when the radial distance
increases up to 1 m. Moreover, the maximum pump pressure can
reach 50 MPa, which means the jet impacting distance can
reaches far more than 1 m. Otherwise, according to the study
conducted by Burland (1990) and Wei et al. (2021), the shear
strength of hydrate-bearing sediments and consolidated

sediments is 0.5 MPa and more than 5 MPa, respectively. The
bulk modulus and mechanical strength of HBS are both much
lower than those of the consolidated sediment. Therefore, it is
easier to create NWAFs in HBS. In this article, the fracture depth,
height, and spacing in HBS is assumed to be 3 m, 500 mm, and
3 m, respectively, as shown in Figure 3C.

Figure 3A shows the schematic of the NGH reservoir model
used in this study, which was established based on the SH7 site in
the Shenhu area. According to the previous research results from

FIGURE 3 | Schematic of hydrate reservoir at site SH-7, schematic of hydrate reservoir (A), conventional vertical well (B), vertical well with NWAFs (C).

FIGURE 4 | Schematic of model discretization.
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Li Gang et al. at this site, an axisymmetric cylinder with a radius of
500.1 m and a thickness of 82 m was employed to denote the
model domain, which consisted of one HBS area, one permeable
top layer (the overburden), and one permeable bottom layer (the
underburden), whose thickness was 22, 30 and 30 m along the
vertical direction, respectively (Li et al., 2011b). According to
previous studies of Moridis and Kowalsky (2007a) and Moridis
et al. (2007b), the overburden and underburden layers with a
thickness of 30 m each were sufficient to simulate the heat and
pressure transfer during gas production.

Additionally, the inner and outer boundaries are also very
important for gas production prediction (Sun X. et al., 2019).
The production well with a radius of rw = 0.1 m was located in
the center of the cylinder. The perforated interval was 12 m
long and located in the middle part of the HBS which can
prevent free water in the overburden and underburden layers
from entering into the wellbore at the beginning of the
simulation (Su et al., 2010). The bottomhole pressure was
set to 4.5 MPa which is similar to the field test condition in the
Nankai Trough (Yamamoto and Dallimore, 2008b; Fujii et al.,
2013). The top and bottom boundaries were set to boundaries
with constant temperature and pressure. Meanwhile, the
outside of the model (rmax = 500.01 m, the thinkness of
0.01 m improves the boundary definition accurate) was
treated as a boundary where no exchange of heat and flow
occurred. The wellbore porosity, permeability, and capillary
pressure are assumed to be 1.0, 5.0 × 10–9 m2 and 0
respectively, treated as a pseudo-medium (Moridis and

Reagan, 2011). Meanwhile, fractures were all assigned the
same values except for the permeability. Based on the
experiments performed by Liu et al. (2012) to analyze the
effects of the width, generation method, and filled material of
an artificial fracture on its permeability, the authors obtained
the permeability of the fractures (≈3.0 × 10–12 m2). While
constructing NWAF using the HPRWJ technology, the tool
is able to move up and down very slowly at a constant speed
with a unaltered nozzle rotate speed at a fixed pump pressure,

TABLE 1 | Main properties and parameters used in the hydrate reservoir model.

Parameter type Parameter Value

Reservoir Overburden thickness 30 m
Underburden thickness 30 m
Thickness of hydrate reservoir 22 m
Initial pressure, PB 13.83 MPa
Initial temperature, TB 14.15°C
Initial saturation SH = 0.44, SA = 0.56
Gas composition 100% CH4

Water salinity 30.5‰
Permeability of the hydrate reservoir, k 75 mD
Grain density, ρR 2,600 kg m−3

Porosity, φ 0.40
Thermal conductivity of dry rocks, kΘRD 1.0 W m−1·K−1

Thermal conductivity of moist rocks, kΘRW 3.1 W m−1·K−1

Multiphase flow Composite thermal conductivity model KθC = kΘRD+(SA
1/2 + SH

1/2) (kΘRW-kΘRD) + ΦDIkΘD
Capillary pressure model Pcap � −P0[(Sp)−1/λ − 1]1−λ

Sp � (SA−SirA)
(SmxA−SirA )

SmxA = 1
λ = 0.45

P0 = 104 Pa
Relative permeability model KrA = [(SA- SirA)/(1- SirA)]

n, krG = [(SG-SirG)/(1-SirA)]
nG

n = 3.75
nG = 2.5

SirG = 0.05
SirA = 0.30

Fractures Permeability 3D
Porosity 1.0

FIGURE 5 | Time-varying curve of QTcase1, QTcase2, VTcase1, and VTcase2.
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and thus, the fracture is assumed to be a thin rectangular-shape
as show in Figure 3C.

Domain Discretization
Figure 4 shows the schematic of the meshes used to predict the
gas production from the HBS under two different conditions
(i.e., cases 1 and 2). The model domain was discretized using a
cylindrical coordinate system, producing 99 (in r direction) × 102
(in z-direction) = 10098 grids, including 9,876 active elements
and 222 boundary elements located on the top, bottom, and inner
portion of the model. In the r direction, the first grid (Δr =
0.10 m) represents the wellbore; a fine discretization (Δr =
0.25 m) was applied from the second to sixth grid; the grid
size increases exponentially from the 7th to 98th grid; and the
99th grid acts as the outermost boundary. Since hydrate
exploitation is a complicated process with heat and mass
transfer, the grid blocks near the wellbore are relatively dense
in order to accurately describe the change in the physical
properties of the hydrates (Moridis and Sloan, 2007c). In the z
direction, two thin layers (Δz = 0.01 m) are used to define the
uppermost and lowermost boundaries; a sparse discretization (Δz
= 1 m) was applied to the overburden and the underburden to
improve the computational efficiency owing to the lack of
hydrates in these layers; a fine discretization (Δz = 0.5 m) was
applied in the HBS in order to accurately describe the physical
properties of the hydrates during exploitation. Since four
equations were calculated for each grid block, 39,504 (=
9876 × 4) equations were calculated in the whole simulation
system in total.

Initial Conditions
The main parameters of the model were set based on the core
samples’ analyses and well logs in this region (Li et al., 2013; Liang
et al., 2014). The sediment porosity and permeability were set to
0.4 and 7.5 × 10–14 m2, respectively. The overburden and the
underburden were fully saturated with water and the hydrate
saturation of the HBS was set to 0.44. The capillary pressure

model (e.g., the van Genuchten function) and the three-phase
relative permeability model (e.g., the modified version of Stone’s
function) were employed. They are commonly used in numerical
simulations and have been validated by field hydrate production
tests (Anderson et al., 2011; Moridis and Reagan, 2011). The
corresponding parameters of these multiphase flow models were
determined using the accessible data in the literature. The lateral-
to-vertical permeability ratio (kR/kZ) of HBS and the overburden
and underburden layers were set to 4.0 according to the latest
pressure core flood test (Yoneda et al., 2019). The system
parameters and physical properties of the simulation are given
in Table 1. It should be noted that the initial conditions in the
whole reservoir would remain stable unless there was a
disturbance from outside, such as depressurization or thermal
injection.

RESULTS

Gas and Water Production Behaviors
The production performance of the two cases, including gas
production rate (QT), cumulative gas production (VT),
cumulative water production (VW), and gas-water ratio (RGW),
in 1 year are shown in Figures 5, 6, respectively.

In case 2, the gas production rate and cumulative gas
production (QT and VT) were consistently over 6000 ST m3/d
and up to 230 × 104 ST m3 respectively. In case 1, they were 2000
ST m3/d and 75 × 104 ST m3, respectively. These findings indicate
that the hydrate reservoir productivity increased by about three
times when NWAFs were constructed by the HPRWJ technology.
Therefore, this technology is a promising method for improving
the gas production of low-permeability hydrate reservoirs.

There are three main reasons that the HPRWJ technology
promotes hydrate productivity. Firstly, high-conductivity
fractures with certain morphologies can be created near the
production well, thus increasing reservoir permeability and
dramatically decreasing flow resistance around the production
well. As a result, the efficiency of gas and water flow towards the
production well can be improved. Secondly, the effective surface
area for the discharge of water and gas can be increased. The
effective surface area only includes the surface area of the wellbore
in case 1, while it includes the surface area of the wellbore and the
artificial fractures and thus increased by several times in case 2; as
a result, in case 2, there was more flux at the same production
pressure. Thirdly, NWAFs can enlarge the transfer distance of
pressure drops, as shown in Figure 7A, and can correspondingly
accelerate hydrate dissociation, as shown in Figure 7B, thus
increasing the gas production rate of hydrate reservoirs.

During the simulated 1-year production period, the
cumulative water production (VW) and the gas–water ratio
(RGW) in case 2 were 55 × 104 m3 and 3.7 respectively, and
those in case 1 were 17.5 × 104 m3 and 3.7 respectively. These
numbers indicate that, in case 2, not only gas production, but also
water production increased, whereas the gas–water ratio was
hardly affected. Therefore, it is necessary to optimize the
perforated interval before NWAFs are constructed in order to
achieve the optimal gas–water ratio.

FIGURE 6 | Time-varying curve of VWcase1, VWcase2, RGWcase1, and
RGWcase2.

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8705828

Li et al. Enhancement of Gas Production

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Law of Change in Physical Properties
Analyzing the changes in the main physical properties of hydrate
reservoirs helps to understand the characteristics of hydrate

dissociation and the processes of gas and water production
during NGH exploitation. The spatial distributions of the
pressure, temperature, hydrate saturation, and gas saturation in

FIGURE 7 | Spatial distributionof pressureMPa (A), temperature °C (B), hydrate saturation (C), andgassaturation (D)after 10, 60, and365 daysafter andbefore reservoir stimulation.
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FIGURE 7 | (Continued).
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case 1 and 2 after 10, 60, and 365 days are shown in Figures 7A–D,
respectively.

As shown in Figures 7A,C, in case 2, the transfer distance of
the pressure drop during the whole exploitation was about
30 m, which was two-fold larger than that in case 1. The
hydrate dissociation range was also distinctly larger in case
2, which is the major reason why the gas production rate in
case 2 was three times that of case 1 as shown in Figure 5.
However, in both cases, there was no significant changes in the

transfer range of the pressure drop in the early (60th day) and
later stages (365th day) of gas production. This consistency
was mainly due to the fact that both the overburden and the
underburden layers were composed of permeable sediments,
and the water in these sediments can flow into the production
well after a certain period of time. As a result, the pressure drop
failed to be transferred into the deep reservoir, which restricted
the hydrate dissociation to some extent. Therefore, to improve
the recovery of the entire hydrate reservoir, well spacing
should be properly controlled when vertical wells are
employed to exploit hydrate deposits with permeable
boundaries.

As an endothermic reaction, hydrate dissociation consumes
the heat of the surrounding areas while producing gas and water,
thus affecting the temperature distribution of the hydrate
reservoir. Figure 7B clearly shows that there was an obvious
low-temperature area near the production well at the start stage of
NGH exploitation (10 days) and that the low-temperature area in
case 2 was significantly greater than that in case 1. These findings
are consistent with the hydrate dissociation ranges shown in
Figure 7C. Figure 7B also demonstrates that, in both cases, the
low-temperature area gradually shrunk at the early and later
stages of NGH exploitation (the 60th and 365th day, respectively).
This occurred mainly because the water from the overburden and
the underburden flowed into the production well, changing the
temperature distribution of the hydrate reservoir around the well.
In particular, the hot water in the underburden significantly
heated the hydrate reservoir and promoted hydrate
dissociation. This phenomenon is consistent with the
morphology of the hydrate dissociation front illustrated in
Figure 7C.

The gas released from the hydrate dissociation was either
extracted from the hydrate reservoir or remained in it as free
hydrocarbon gas. Figure 7D shows that the gas-bearing area in
case 2 was significantly larger than that in case 1, which indirectly
proves that NWAFs can effectively promote the dissociation of
hydrates into gas and water.

DISCUSSION

Effects of Fracture Parameters on the Gas
Productivity of the Hydrate Reservoir
This article aims to apply the HPRWJ technology to vertical wells.
The parameters used in this technology (e.g., jet pressure, rotary
speed, processing time, and the moving distance of the tubing)
determine the key fracture parameters, such as fracture depth,

TABLE 2 | Fracture depth and corresponding calculation case.

Case Fracture depth (m)

D1 1
D2 2
D3 3
D4 4
D5 5

FIGURE 8 | Time-varying curve of gas production rate (QTD) and
cumulative gas production (VTD) in case of different fracture depths.

FIGURE 9 | Time-varying curve of cumulative water production (VWD)
and gas–water ratio (RGWD) in case of different fracture depths.

TABLE 3 | Fracture permeability and corresponding calculation case.

Case Fracture permeability

P1 1 D
P2 2 D
P3 3 D
P4 4 D
P5 5 D
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permeability, and spacing. Therefore, the effects of the key
parameters of NWAFs on gas productivity were discussed,
which is very important for parameter selection when using
the HPRWJ technology for constructing NWAFs. The
relationships between HPRWJ parameters and NWAF
parameters will be further investigated through a laboratory
and numerical study.

Effects of Fracture Depth on Gas
Productivity
Fractures’ depth is mainly controlled by jet pressure, rotary
speed, and processing time. To compare the effects of different
NWAF depths on the gas productivity of hydrate deposits,
NWAF depths were set to 1, 2, 3, 4, and 5 m, as shown in
Table 2. The authors assumed that fracture permeability,
fracture spacing, fracture height, and the length of the
completion interval were 3 D, 3, 0.5, and 12 m, respectively.

Figures 8, 9 present the gas production rate (QTD),
cumulative gas production (VTD), cumulative water
production (VWD), and gas–water ratio (RGWD) at different
NWAF depths. When the fracture depth increased from 1 to 2,
3, 4, and 5 m, the VTD increased from 1.54×106 ST m3 to
1.91×106 ST m3, 2.30×106 ST m3, 2.49×106 ST m3, and
2.73×106 ST m3 respectively, increasing by 24.0, 49.3, 61.7,
and 77.3%. The results indicate that the gas production rate
increases with an increase in the NWAF depth. However, VTD

FIGURE 10 | Time-varying curve of gas production rate (QTD) and
cumulative gas production (VTD) in case of different fracture permeabilities.

FIGURE 11 | Time-varying curve of cumulative water production (VWD)
and gas–water ratio (RGWD) in case of different fracture permeabilities.

TABLE 4 | Fracture spacing and corresponding calculation case.

Case Fracture spacing (m) Fractures number

S1 1 13
S2 2 7
S3 3 5
S4 4 4
S5 5 2

FIGURE 12 | Time-varying gas production rate (QTS) and cumulative gas
production (VTS) in case of different fracture spacings.

FIGURE 13 | Time-varying cumulative water production (VWS) and
gas–water ratio (RGWS) in case of different fracture spacings.
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increased by 8.3% when the fracture depth increased from 3 to
4 m, and by 20.4% when the fracture depth increased from 2 to
3 m. This indicates that the increase in fracture depth
corresponds with the decrease in the magnitude of gas
production efficiency. Therefore, a fracture depth of 3 m is
recommended for the low-permeability hydrate reservoirs at
site SH7. Moreover, it has been observed that cumulative water
production increases as the NWAF depth increases, and that
fracture depth has no effect on the gas–water ratio.

Effects of Fracture Permeability on Gas
Productivity
According to laboratory test results, fracture permeability is
closely related to the materials added to jet water and can
reach 7.45×102 D during NWAF construction (Xu et al.,
2016). To compare the effects of different NWAF permeability
values on the productivity of hydrate deposits, NWAF
permeability was set to 1 D, 2 D, 3 D, 4 D, and 5 D, as shown
in Table 3. The authors assumed that fracture depth, fracture
spacing, fracture height, and the length of the completion interval
were 3, 3, 0.5, and 12 m, respectively.

Figures 10, 11 present the gas production rate (QTP),
cumulative gas production (VTP), cumulative water
production (VWP), and gas–water ratio (RGWP) in cases of
different NWAF permeability values. When fracture
permeability increased from 1 D to 2 D, 3 D, 4 D, and 5 D,
VTP increased from 1.57×106 ST m3 to 2.03×106 ST m3,
2.30×106 ST m3, 2.49×106 ST m3, and 2.62×106 ST m3,
respectively, increasing by 29.3, 46.5, 58.6, and 66.9%,
respectively. The results indicate that the gas production
rate increases with an increase in the NWAF permeability.
However, VTP increased by 8.3% when fracture permeability
increased from 3 D to 4 D, and by 13.3% when the fracture
permeability increased from 2 D to 3 D. This illustrates that the
increase in fracture permeability corresponds with the
decrease in the magnitude of gas production efficiency.
Therefore, fracture permeability of 3 D is recommended for
the low-permeability hydrate reservoirs at site SH7. Moreover,
cumulative water production increases as the NWAF
permeability increases, and fracture permeability has no
effect on the gas–water ratio.

Effects of Fracture Spacing on Gas
Productivity
Fracture spacing can be controlled by lifting or lowering the
tubing. To compare the effects of different NWAF spacing values
on the productivity of hydrate deposits, the NWAF spacing was
set to 1, 2, 3, 4, and 5 m, as shown in Table 4. The authors
assumed that fracture depth, fracture permeability, fracture
height, and the length of the completion interval were 3 m, 3
D, 0.5, and 12 m respectively.

Figures 12, 13 show the gas production rate (QTS),
cumulative gas production (VTS), cumulative water
production (VWS), and gas–water ratio (RGWS) at different
NWAF spacing values. Figure 12 clearly demonstrates that

NWAF spacing has significant effects on gas production rate
(QTS). The stable gas production rate was 8,100 ST m3/day
when the fracture spacing was 1 m, whereas it was only 4,300
ST m3/day when the NWAF spacing increased to 5 m. These
findings show that the gas production rate increases with a
decrease in the NWAF spacing. However, VTS increased by
53.3% when fracture spacing decreased from 4 to 3 m, and by
16.1% when fracture spacing decreased from 3 to 2 m. This
means that the decrease in fracture spacing corresponds with
the decrease in the magnitude of gas production efficiency.
Therefore, a fracture spacing of 3 m is recommended for the
low-permeability hydrate reservoirs at site SH7. NWAF
spacing has no effect on the gas–water ratio.

Discussion of the Effects of Key Parameters
of NWAF on Gas Productivity
This study’s investigation of the effects of the key parameters of
NWAFs, such as depth, permeability, and spacing on gas
productivity during 1 year of simulated mining led to
important findings. As the fracture depth increases from 1 to
5 m, cumulative gas production can increase from 154 × 104 to
273 × 104 ST m3. As the fracture permeability increases from 1 D
to 5 D, the cumulative gas production can increase from 157 × 104

to 262 × 104 ST m3. As fracture spacing increases from 1 to 5 m,
cumulative gas production can decrease from 318 × 104 to 126 ×
104 ST m3. Gas production efficiency can be significantly
increased by increasing fracture depth and permeability or by
reducing fracture spacing. As mentioned previously, however,
marine NGH deposits often involve unconsolidated sediments
that exhibit limited shear strength, especially when the hydrates
are dissociated. Under these conditions, the fractures can reduce
the structural stability of NGH sediments. Therefore, when using
NWAFs to increase gas production, the shear strength and
structural stability of NGH sediments need to be considered in
the determination of fracture depth and spacing, which will be
researched by the authors in the future. After fracture depth and
spacing are determined, fracture permeability, which hardly
affects the structural stability of HBS, should be increased as
much as possible. By comparing growth gaps between gradients
under variable control, the recommended NWAF depth,
permeability, and spacing are 3 m, 3 D, and 3 m, respectively
for the clayey silt reservoirs at site SH7, and more detailed
discussions will be investigated in a later study.

CONCLUSION

Low permeability significantly restricts the efficiency of gas
and water flow into production wells. To enhance the gas
production efficiency from low-permeability hydrate
reservoirs, the high-pressure rotating water jets (HPRWJ)
technology is proposed to construct near wellbore artificial
fractures (NWAFs) in hydrate reservoirs. The HPRWJ can
avoid the risks of hydraulic fracturing as well as large-scale
reservoir damage. It is more suitable for constructing fractures
in hydrate-bearing sediments (HBS). Taking site SH7 in the
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South China Sea as a case study, this work used numerical
simulations to evaluate the feasibility of this technology for
enhancing gas production of low-permeability hydrate
reservoirs. The following conclusions were obtained.

(1) NWAFs constructed by the HPRWJ technology can
effectively increase the gas and water production efficiency
of low-permeability hydrate reservoirs. The gas productivity
can be increased by about three times by constructing
fractures with a depth, spacing, and height of 3 m, 3, and
0.5 m respectively based on low-permeability hydrate
reservoirs at site SH7. This is mainly because high-
conductivity fractures are formed near the production
well, which provide rapid flow channels for gas and water,
thus contributing to pressure propagation.

(2) The water in permeable boundaries can flow into production
wells after a certain period of production, thereby restricting
the pressure drop from being transferred into deep reservoirs
and limiting hydrate dissociation to some extent. Therefore,
well spacing should be properly controlled when vertical
wells are employed to exploit hydrate deposits at site SH7 in
the South China Sea to improve the recovery of the entire
hydrate reservoir.

(3) Fracture depth, fracture permeability, and fracture spacing
have significant effects on the gas productivity of hydrate
reservoirs. Production efficiency increases as fracture depth,
and permeability increase, and as fracture spacing decreases.
However, these fracture parameters can hardly affect the
gas–water ratio.

The proposed HPRWJ technology may be an efficient
stimulation method for gas recovery from low-permeability
hydrate reservoirs in the foreseeable future. Therefore, there is
an urgent need for conducting laboratory and numerical studies
related to the high-pressure rotating water jet technology and the
geomechanical responses associated with fractures in the future.
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NOMENCLATURE

Mκ Mass accumulation of component κ, kg/m3

Fκ Mass flux of component κ, kg/(m2·s)
qκ Sink/source of component κ, kg/(m3·s)
Mθ Energy accumulation, J/m3

Fθ Energy flux, J/(m2·s)
qθ Sink/source of heat, J/(m3·s)
V Volume, m3

Γ Surface area, m2

t Time, s

φ Porosity

Sβ Saturation of phase β

ρβ Density of phase β, kg/m3

Xκ
β Mass fraction of component κ in phase β

k Permeability, m2

krβ Relative permeability of phase β

μrβ Viscosity of phase β, Pa·s
Pβ Pressure of phase β, Pa

g Gravitational acceleration vector, m/s2

b Klinkenberg factor, Pa

τβ Medium tortuosity of phase β

Dκ
β Molecular diffusion coefficient of component κ in phase β, m2/s

ρR Density of rock grain, kg/m3

CR Specific heat of rock grain, J/(kg·°C)
T Temperature, °C

Uβ Internal energy of phase β, J/kg

λ Average thermal conductivity, W/(m·K)
hβ Specific enthalpy of phase β, J/kg

Jκβ Mass diffusion of component κ in phase β, kg/(m2·s)
ρH Hydrate density, kg/m3

SH Hydrate saturation

UH Specific enthalpy of hydrate dissociation/formation, j/kg

QH Mass change of hydrate component under kinetic dissociation, kg

NH Hydration number

 Gradient operator

β Phase, β = A,G,H,I is aqueous, gas, hydrate, and ice, respectively

κ Component, κ = w,m,i,h is water, methane, salt, and hydrate, respectively
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