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Abstract
According to the characteristics of marine natural gas hydrate, China has proposed the solid-state fluidization exploitation 
technology or natural gas hydrate, with subsea exploitation being key to the commercial recovery of gas. In this paper, two 
new integrated tools are proposed for breaking and collecting natural gas hydrate, and their working principles and steps are 
illustrated. Finite element analysis, three-dimensional modeling, and simulations were conducted for both exploitation tools 
to verify their technological feasibility. The results show that the two exploitation tools can effectively improve the efficiency 
of hydrate exploitation and ensure the stability of the hydrate reservoir. This provides a reference for further research on the 
solid-state fluidization exploitation technology of marine gas hydrates.

Keywords  Marine natural gas hydrate · Solid-state fluidization exploitation · Exploitation tools · Breaking · Finite element 
simulation

1  Introduction

Natural gas hydrate, commonly known as flammable ice, is 
ice-like clean energy produced in high-pressure and low-
temperature environments, which is mainly distributed in 
seabed sediments and terrestrial permafrost (Li and Han 
2021; Sakurai et  al. 2017). Marine natural gas hydrate 
resources are distributed globally, and the amount of such 
resources is more than 100 times that of the terrestrial per-
mafrost. It is regarded as an important energy source in the 
twenty-first century, and the prospect of resource exploita-
tion is very broad.

According to the existing examples of natural gas hydrate 
exploitation in various countries, the main exploitation 
methods of natural gas hydrates include heat stimulation, 

depressurization, chemical injection, and CO2 replacement 
(Yanhong et al. 2021; Chen et al. 2022).

Natural gas is released through hydrate de-composition 
or replacement (Zhao et al. 2021). In 1969, the Soviet Union 
successfully exploited the world's first permafrost hydrate 
reservoir by depressurization and chemical injection meth-
ods in the Messoyakha gas field (Collett and Ginsburg 1998, 
2000). From 2002 to 2008, Japan, Canada, and other coun-
tries carried out three trial exploitation research in the Mal-
lik area by depressurization and heat stimulation methods 
(Dallimore and Collett 2005; Zuo and Yi 2017; Yamamoto 
and Dallimore 2008). In 2012, the United States conducted 
a hydrate exploitation test on the northern slope of Alaska 
by CO2 replacement and depressurization methods (Rupre-
cht et al. 2015). In 2011, P. R. China carried out several 
hydrate exploitation tests in the Qilian Mountain by a vari-
ety of methods (Zhu et al. 2021). In 2013 and 2017, Japan 
carried out two hydrate exploitation tests in Nankai Trough 
by depressurization method, which was the first success-
ful exploration of marine natural gas hydrate in the world 
(Yamamoto et al. 2014). In 2017, P. R. China has carried 
out a hydrate exploitation test by depressurization in the 
South China Sea (China Geological Survey 2017; Wu et al. 
2017; Ye et al. 2018). From 2019 to 2020, China Geological 
Survey conducted the second gas hydrate depressurization 
test extraction in the Shenhu area of the South China Sea 
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with a depth of 1225 m (Ye et al. 2020; China Geological 
Survey 2020).

The heat stimulation and chemical reagent injection 
method are not suitable as the main exploitation methods 
of natural gas hydrate due to their limited production effi-
ciency and high cost (Zhang et al. 2008; Li et al. 2015). They 
are more suitable as an auxiliary exploitation measure. The 
CO2 replacement method has the advantages of reducing 
the risk of geological disasters and storing CO2 to allevi-
ate the greenhouse effect, but the low replacement rate and 
replacement efficiency restrict the application of the method 
(Wei et al. 2022; Zhao et al. 2012; Yanhong et al. 2021). 
The depressurization method does not need continuous 
excitation; and is considered to be a potential and economic 
method for the exploitation of natural gas hydrate (Sun et al. 
2019; Wan et al. 2020). However, the problems are the sec-
ond generation of hydrate, low exploitation efficiency, and 
geological engineering disasters such as submarine land-
slides and wellbore instability (Wu et al. 2018). Therefore, 
in 2012, Zhou Shouwei et al. put forward the solid-state 
fluidization exploitation method of natural gas hydrate 
in the shallow surface of deep water (Zhou et al. 2014a, 
b, 2017; Wei et al. 2018; Qiu et al. 2020), which is using 
mechanical technology to break the solid hydrate reservoir 
into fine particles; and then pump the slurry to the offshore 
platform through the enclosed pipeline for post-processing 
(Wang et al. 2018a, b). Finally, the separated sediment is 
supplemented with an appropriate amount of sea sand and 
backfilled into the goaf area, trying to maintain the origi-
nal appearance of the seabed as much as possible. In 2017, 
depending on the "marine Oil 708" deep-water engineering 
survey ship, China National Offshore Oil Corporation suc-
cessfully carried out the first global solid-state fluidization 
exploitation of marine natural gas hydrate at Liwan 3 Station 
in the north of the South China Sea, using fully indepen-
dently developed technologies, processes, and equipment. 
This operation has preliminarily verified the feasibility of 
the solid fluidization method for the exploitation of marine 
natural gas hydrate at the technical level (Zhou et al. 2017a, 
b, 2018). The trial tool of exploitation is a jet nozzle. The 
jet diameter of the tool is small, only 0.5 m, which is not 
suitable for hydrate exploitation on a large scale and scope 
(Wang et al. 2018a, b, 2017).

The integrated equipment for crushing and collecting 
hydrate is a specific implementation technology based on 
solid-state fluidization, and the related supporting technol-
ogy research in various countries is quite a few. To solve the 
problems of existing exploitation tools and methods, two 
new exploitation tools which can be applied to the solid-
state fluidization exploitation methods are proposed in this 
paper, which is an umbrella-like tool and a broaching tube 
that can be used to break and collect hydrate. According to 
the exploitation conditions, the three-dimensional structural 

models of the two exploitation tools are established respec-
tively, and the finite element simulation is carried out, which 
proved the technological feasibility of the two exploitation 
tools.

2 � Umbrella‑like tool

2.1 � Exploitation process

The exploitation process using the umbrella-like tool 
includes five steps:

(1)	 The horizontal well was drilled and the appropriate 
completion method was selected. After the completion, 
the umbrella tool was put downward;

(2)	 When the tool reaches the specified working position, 
torque and forward thrust are applied to the outer tube 
rod, while the inner tube rod at the end of the hori-
zontal well remains stationary. Rotate and unfold the 
umbrella-like tool slowly, make the blade reach the best 
cutting angle under the control of the elastic position-
ing lock block;

(3)	 Pull back the tool to collect hydrate particles while 
breaking the hydrate reservoir, and transported them to 
the offshore platform for post-processing such as sepa-
ration. The separated sediment is flowed back through 
the internal hose of the tube rod and backfilled to the 
goaf;

(4)	 Put downwards the closing tool to close the umbrella-
like tool and recover the tool after the exploitation. 
(Fig. 1)

2.2 � Tool design

According to the exploitation principle of the tool and the 
existing drilling process parameters, the overall structure of 
the umbrella-like tool is shown in Fig. 2. It is mainly com-
posed of the outer tube rod, inner tube rod, blade, and piston 

Fig. 1   Working state diagram of umbrella-like tool
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rod. The inner tube rod is embedded in the outer tube rod 
and connected by splines, and the two can slide relatively 
in the axial direction. The outer tube rod is provided with 
acquisition holes. The blades are connected with the inner 
tube rod and outer tube rod by hinges, and the piston rods 
are assembled in piston cylinders.

Considering the resistance of the umbrella-like tool in 
the exploitation process and the diameter of the outer tube 
rod, three groups of blades are designed, and the included 
angle between each group of blades was 120°. To ensure the 
realization of commercial exploitation efficiency, the length 
of each blade is designed to be 3.6 m. At the same time, tak-
ing into account its function of rotary crushing, the shape of 
the cutting teeth on the blade is designed as circular teeth, 
which are at a certain angle with the horizontal plane of the 
blade, to enhance its shear and extrusion resistance (Fig. 3).

The outer tube rod and the inner tube rod are both hol-
low, and both are connected in the form of splines to main-
tain their synchronization during rotation operation, and the 
backfilling operation can be performed in the tube. Before 
running the umbrella-like tool, to prevent the outer tube rod 
and the inner tube rod from sliding relative to each other, 

several limit pins are used to lock both. When the tool 
reaches the specified working position, the end of the inner 
tube rod is in contact with the end face of the horizontal 
well, and the torque force and thrust are applied to the outer 
tube rod through the offshore platform. So that the limit 
pin is cut off under the shearing force. The inner tube rod 
is blocked and remains stationary in the horizontal direc-
tion, while the outer pipe rod continues to move forwards 
and rotate the blade. When the outer tube rod extends to 
the optimum cutting angle of the blade, the cylindrical lock 
block installed in the elastic positioning lock sleeve on the 
inner tube rod is clamped into the groove of the outer tube 
rod under the expansion action of the elastic rubber block 
(Fig. 4), so as to realize the positioning of the exploitation 
tool after unfolding.

Once the blades are fully deployed, the umbrella-like tool 
can start the cutting operation. The tool continues to rotate 
and is pulled back by the connected drill tube. At the same 
time, the crushed hydrate fine particles are collected by the 
acquisition hole on the outer tube rod, and transported to the 
offshore platform through sealed fluidization and other pro-
cesses. The gas–liquid–solid three-phase separation is car-
ried out on the platform, and the separated sediment passes 

Fig. 2   Structural diagram of umbrella-like tool

Fig. 3   Schematic diagram of the blade and cutting
Fig. 4   Structural diagram of the elastic positioning lock sleeve
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through the hose and is backfilled with the end of the inner 
tube rod as the outlet. After the exploitation of the hydrate 
reservoir is completed, the umbrella-like tool will be closed 
and drawn back. The working principle of the closing tool 
is similar to a switchable sliding sleeve device (Yang et al. 
2015; Cui et al. 2017). The closing tool is connected through 
the sucker rod; and lowered into the outer tube rod cavity. 
Because the outer diameter of the closing tool is larger than 
the inner diameter of the shoulder at the right end of the 
inner tube rod. With the operation on the offshore platform, 
a sufficient forward thrust is applied to the sucker rod, the 
cylindrical lock block is sheared, and the exploitation tool 
is retracted and closed.

The three-dimensional model of the umbrella-like 
tool in the working and non-working status is shown 
in Fig. 5.

2.3 � Overall Steady‑state analysis of umbrella‑like 
tool

2.3.1 � Physical model establishment

The three-dimensional physical model of the umbrella-like 
tool is established, and the static analysis of the dynamic 
transmission part under the condition of bearing torque is 
carried out using the finite element method (Fig. 6). The 
physical model is simplified to some extent, but the stress 
concentration generated in the structure is not neglected. 
The property parameters of structural steel (Table 1) are 
directly used in the model to approach the actual situation 
of umbrella tools. For different parts of the physical model, 
the density of mesh division is also different. The mesh divi-
sion of the inner tube rod, outer tube rod, and blade wings is 

Fig. 5   Three-dimensional 
model of the umbrella-like tool

Fig. 6   3D physical model 
diagram

Table 1   Parameters of structure steel (Zhang et al. 2005)

Material 
Brand

Density 
(kg/m3)

Young's modulus 
(GPa)

Poisson's 
ratio

Yield strength 
(MPa)

Torsional stiff-
ness (MPa)

Tensile 
strength 
(MPa)

Application site

30CrMo 7.90 209 0.28 500 185 710 The hinged part of the 
piston cylinder and the 
outer tube rod

45 steel 7.85 200 0.30 355 124 600 Other
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relatively sparse, while the mesh division of the connections 
of each part is denser. In this study, the established physical 
model is divided into free tetrahedral meshes, and the finite 
element mesh model is obtained (Fig. 7).

According to the actual working conditions of exploita-
tion tools and hydrate reservoir characteristics (Table 2), the 
constraint conditions that need to be added during the finite 
element calculation of the umbrella-like tool in the working 
state include the load on the blade from the hydrate reservoir 
(The resultant force of the pressure in the vertical direction 
and the resistance in the pull-back direction); and the cut-
ting resistance of the cutting teeth during the rotation of the 
tool. According to the Evans mechanical model (Zhang et al. 
2014; Evans 1962), the cutting resistance is estimated to be 
about 1.6 × 105 N. The blade load is 17 MPa (Zhao et al. 
2018). Based on the consideration of the symmetry of the 
physical model and the control calculation scale, only one 
group of blades is added with the corresponding boundary 
load, and the outer boundary of the inner tube rod of the 
exploitation tool is set as the fixed boundary as the constraint 
condition.

For the dynamic transmission part, torque calculation is 
also required based on the above conditions. In the finite ele-
ment calculation, the torque is added to the connecting drill 
pipe at the upper end of the drill pipe, and fixed constraints 
are added to the end face close to the exploitation tool, to 
analyze whether the whole drill pipe will be twisted during 
operation.

The umbrella-like tool is connected to the drill string. In 
the process of exploiting broken hydrate, once its natural 

frequency is the same or close to the excitation frequency 
of the vibration, it will cause resonance, resulting in the 
destruction and failure of the tool structure. Therefore, as an 
important part of the whole solid-state fluidization exploita-
tion process, in order to avoid resonance during the work-
ing process of the tool, make the structural design of the 
umbrella-like tool more reasonable, and improve the reliabil-
ity of the umbrella-like tool, it is necessary to conduct modal 
analysis and research on them. The structural model of the 
tool adopts the umbrella tool model established in the static 
analysis. Because the umbrella-like tool is not in a free and 
unconstrained state when working, it is necessary to add dis-
placement constraints to the model when conducting modal 
analysis, and the displacement constraints are the same as 
the boundary conditions of the umbrella tool when working.

2.3.2 � Analysis of simulation result

Through the simulation, the equivalent stress distribution 
of the umbrella-like tool during the operation was obtained, 
as shown in Fig. 8. The umbrella-like tool has no perma-
nent deformation or fracture in its overall structure in the 
working condition. The maximum stress of the tool is at the 
joint between the piston cylinder and the pipe string, about 
459 MPa, which does not exceed the yield strength 500 MPa 
of the steel used in this part. The whole blade is bent, but it 
does not affect the rotation of the tool to cut hydrate, only 
affects the actual cutting diameter. In addition, stress con-
centration also exists in the fixed hinge between the blade 
and the piston rod. Steady-state analysis of the whole drill 

Fig. 7   Finite element meshing 
diagram

Table 2   The reference value of hydrate reservoir characteristics (Jun et al. 2019; Liu et al. 2017; Wu et al. 2010)

Depth (m) Burial 
depth (m)

reservoir den-
sity (kg/m3)

Elastic 
Modulus 
(MPa)

Hydrate  
porosity (%)

Poisson's 
ratio

Cohe-
sion (MPa)

Internal friction 
angle (°)

Shear 
strength (MPa)

Compressive 
strength (MPa)

1274 120–190 2000 600 40 0.25 1.5 20 5 22
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pipe of the dynamic transmission part during exploitation 
operation shows that the whole drill pipe has no distortion. 
The maximum stress of the entire drill pipe is 103 MPa, 
which is less than the torsional strength of the structural steel 
(124 MPa) and meets the strength requirements.

According to the vibration theory, compared with the 
high-order natural frequency, the low-order natural fre-
quency has a greater impact on the configuration of the 
umbrella-like tool model. In this paper, the first-order natu-
ral frequency and vibration mode of the umbrella-like tool 
is solved. As shown in Fig. 9. The rotational speed of the 
tool is between 40 and 120 r/min (Zhao et al. 2017, 2018), 
according to formula 1, the maximum excitation frequency 
of the umbrella-like tool is 2 Hz, and the minimum natu-
ral frequency (11.254 Hz) under working conditions is far 
greater than the excitation frequency, so it will not cause 
resonance of the umbrella-like tool model.

(1)f =
n

60

where f is the excitation frequency, Hz; n is the rotation 
speed of the umbrella-like tool, r/min.

2.3.3 � Analysis of stope stability

In order to ensure the economical and efficient exploitation 
of natural gas hydrate, it is necessary to analyze the stabil-
ity of the goaf in the gas hydrate reservoir. According to the 
seabed working conditions, a two-dimensional simulation 
model of goaf is established. The length of the model is 
50 m × 50 m, and the diameter of the goaf is 4 m, as shown 
in Fig. 10. Assuming that the boundary of the hydrate reser-
voir is impermeable. Then 15 MPa pressure load (Seafloor 
pressure and crustal stress) is applied to the upper bound-
ary of the model, the lower boundary is constrained by the 
displacement in the Y-axis direction, and the left and right 
boundaries adopt rolling boundaries to balance the force in 
the horizontal direction of the model (Wang et al. 2012). The 
reservoir material properties refer to Table 2 of Shenhu Sea 
Area, northern South China Sea, and the equivalent stress 
distribution diagram of goaf is obtained through simulation 

Fig. 8   Equivalent stress distri-
bution diagram

Fig. 9   The first-order mode diagram
Fig. 10   The grid of the goaf
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calculation (Fig. 11) The maximum equivalent stress value 
of 13.3 MPa occurs on both sides of the goaf, which does 
not exceed the peak compressive strength of the reservoir by 
22 MPa (Table 2). Therefore, in the process of exploitation, 
the goaf of the hydrate reservoir will not collapse.

2.3.4 � Technical and economic feasibility

Based on the large-scale physical simulation experiment sys-
tem of solid-state fluidization exploitation of marine natural 
gas hydrate, Zhao Jinzhou et al. conducted high-efficiency 
hydrate crushing experiments (Zhao et al. 2017, 2018), 
studied the influence laws of different mechanical crushing 
process parameters (rotational speed between 40 and 120 
r/min), cutter head diameter (between 500 and 800 mm), 
and other factors on hydrate crushing under the condition of 
1200 m water depth and established the engineering layout 
for the mechanical crushing of marine natural gas hydrate 
samples. Firstly, white solid hydrate deposits are prepared 
and submerged in the cooling seawater. Then, the hydraulic 
cylinder lowers the cutter head to the hydrate surface; and 
then turned on the motor to drive the cutter head to rotate. 
The hydrate deposits are cut into particles under the action 
of the cutter head. The experiment verified the technical 
feasibility of the rotary cutting technology of the umbrella 
tool. The maintenance cost of the tool is low, similar to the 
drilling tool, which is a steel structure part. Considering the 

material, size, and processing method, the cost is not high, if 
the damage is too serious to repair, the tool can be replaced 
directly.

According to an analysis report from China National Off-
shore Oil Corporation, the economic feasibility standard for 
the exploitation of marine natural gas hydrate is that the 
daily output of a single well exceeds 12 × 104 m3. Take the 
conservation values of hydrate reservoir parameters (poros-
ity 40%, hydrate saturation 40%), recovery ratio 0.35, and 
the volume ratio of pure hydrate to gas production is 1:164 
(Li et al. 2018). Then the daily output of natural gas can be 
calculated by the following formula (Wang et al. 2018a, b):

where V is daily gas production, m3/d; A is the cross-sec-
tional area of the hydrate reservoir, m2; H is the exploita-
tion length of the tool, m; P is the porosity of the hydrate 
reservoir, %; S is the hydrate saturation, %; E is the volume 
equivalent of gas hydrate decomposed into natural gas per 
unit; � is the acquisition efficiency of the tool, %.

With the exploitation height of the tool is 4 m, the draw-
ing back speed of the tool is 0.8 m/min (Zhao and Zhang 
2005), and the diameter of the wellbore is 0.5 m, the exploi-
tation amount per unit time of the tool can be calculated, that 
is, the crushing volume rate is:

where L is the broken reservoir length of the exploitation 
tool, m; t is the working time of the exploitation tool, min.

In summary, the daily production of natural gas cor-
responding to the umbrella-like tool can be estimated: as 
V = 13.93 × 104 m3/d, which meets the economic requirement 
of commercial exploitation.

(2)V = 1440 × A × H × P × S × E × �

(3)v
0
=

AL

t
=

�(42 − 0.52)L

4t

Fig. 11   The equivalent stress distribution

Fig. 12   Schematic diagram of broaching mining
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3 � Broaching tube

Referring to the long-wall mining technique in coal min-
ing, by reconstructing its main process and key supporting 
tools, a broaching technology was proposed for increas-
ing the exploitation rate of the hydrate reservoir, and an 
exploitation tool broaching tube is designed. as shown in 
Fig. 12.

3.1 � Process scheme

First, the hydrate reserve can be divided into multiple stopes, 
and the process of each stope is similar, mainly including the 
following 4 steps:

(1)	 One vertical well is drilled until the interface between 
the hydrate reservoir and the underlying layer stops;

(2)	 Two inclined wells with an included angle of 45° are 
drilled at a certain distance from the vertical wellbore, 
the endpoint of the inclined wells is positioned on the 
vertical well at the bottom of the hydrate reservoir;

(3)	 The special broaching tubes are used to broach the 
hydrates, while the slurry mixture produced by broach-
ing is collected and transported to the offshore platform 
to obtain natural gas and the remaining slurry;

(4)	 Add an appropriate proportion of mud and sand to the 
remaining slurry after the separation for goaf filling.

3.2 � Working principle

As shown in Fig. 13, the target reservoir is divided into 
upper and lower layers for layered exploitation. The tool of 
broaching exploitation is mainly composed of two broach-
ing tubes, a flexible hose, a rigid pipe, and a hollow screw. 
The rigid pipe is fixed on the seabed and connected with the 
screw through threads. The two broaching tubes penetrate 
through the inclined well and are connected with smooth 
hoses penetrating from the hollow screw through universal 
joints with buckle. The broaching tubes and hose can be 
lifted upwards and downwards by the offshore platform.

During broaching, the hydrate reserve is first cut off in 
the vertical direction along the contact surface between 
the hydrate and the tube. When a vertical cut finishes, the 
broaching tubes will be pulled backward and tensioned on 
the new contact surface; and starts a new cycle of broach-
ing. With the universal joint as the apex; and two broaching 
tubes as two edges, the hydrate particles can be broached 
from the hydrate reservoir repeatedly, like “slice by slice”, 
by a reciprocating movement of the universal join in the 
vertical direction.

Figure 14 is a drawing of the broached tube designed 
concerning the structural characteristics of the broach (Pu 
et al. 2016). During the broaching process, the cutter teeth 
cut the hydrate reservoir to obtain a mixture that is sucked 
into the pipe by the collection hole on the broached tube 
body under negative pressure. If the negative pressure in the 
tube is adjusted to an appropriate range, the hydrate particles 
can be completely decomposed in the tubes and uplifted 
to the offshore platform through the sealed pipe. When the 
resistance of mud and sand is too high in the process of 
exploitation, the pumping pressure in the broaching tube can 
increase to decompose the hydrate around the collection hole 
outside of the broaching tube. This can lead to the hydrate 
reservoir being relatively softer and less dense, thus reducing 
the force resistance and facilitating the broaching process.

The details of the broaching process are illuminated as 
below:

Fig. 13   Reservoir environment

Fig. 14   Special broaching tube
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(1)	 Two broaching tubes pass through the inclined well, 
while the hose passes through the hollow screw, and the 
broaching tube head is clamped into the double-cross 
universal joint with a buckle on the smooth hose head. 
The connection of the broaching tool is completed;

(2)	 The lower layer exploitation is carried out. The off-
shore platform applies the same pulling force to the two 
broaching tubes; slowly lowers the hollow screw and 
hose while lifting the broaching tube; so that the two 
broaching tubes and the hydrate reservoir slide relative 
to each other. This is forward exploitation, as shown in 
Fig. 13. In the process, the internal pressure inside of 
the broaching tube keeps negative, to collect the slurry 
mixture. Then slowly lower the broaching tube, so that 
the hollow screw and hose go up, and complete the 
reverse exploitation. In this way, until the upper design 
limit position of the lower layer is reached, a broaching 
process is completed;

(3)	 After the lower layer is mined to the designed size, the 
goaf of the lower layer is immediately filled with pres-
sure grouting from the inclined well, and the hydrate 
reservoir of the upper layer is exploited at the same 
time;

(4)	 When the upper layer exploitation is completed, the 
tools are recovered, and the upper layer goaf is filled 
in time. Figure 15 shows the V-shaped vertical goaf 
finally formed by layer exploitation;

(5)	 While filling the upper layer, all of the above steps can 
be repeated in the opposite direction of the stope. Until 
the hydrate reservoir around the vertical well forms the 
"blossom shape" stope area as shown in Fig. 16. The 
number in the figure represents the broaching sequence.

3.3 � Feasibility analysis

3.3.1 � Mechanical behavior analysis of broaching tube

The designed broaching tube should be ensured to safely 
pass through the inclined well and work without failure. 
Based on the actual average thickness of 60 m, which is 
the average thickness of the reservoir in the Shenhu area of 
the South China Sea. The trajectory of the inclined well is 
approximated as a one-sixth arc with a radius of 100 m. The 
broaching tube has an outer diameter of 0.3 m and a wall 
thickness of 10 mm. The stress analysis is only performed 

Fig. 15   Goaf illustration

Fig. 16   Ideal shallow goaf 
mode

Fig. 17   The grid details
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on the contact face of the inclined well and the broaching 
tube (Fig. 17).

The stress state of the broaching tube is analyzed by using 
the basic theory of multi-body dynamics. The broaching 
tube is defined as a linear elastic mechanic model. The front 
ends of the broaching tube are given a specified displace-
ment constraint in the inclined well along with the axis 
trajectory, and pass through the inclined well for a certain 
distance. The broaching resistance (Zhang et al. 2014; Evans 
1962) along the tube is estimated to be 210 kN, and the verti-
cal load from the above hydrate reserve to the broaching tube 
is 16 MPa. The broaching process requires the material of 
the broaching tube to have sufficient toughness, plasticity, 
and wear resistance, so 40Cr is selected as the material of 
the broaching tubes. The related properties of the material 
include elastic modulus 211 GPa, Poisson’s ratio 0.277, den-
sity 7.85 × 103 kg/m3, and yield limit 785 MPa.

Von-Mises stress is used to determine whether the 
broaching tube enters the plastic state (Zhang 2016). As 
shown in Fig. 18, there is obvious stress concentration in 
the middle of the broaching tube entering the inclined well 

section. The equivalent stress is smaller as it moves farther 
away from the middle position. The process of broaching 
the tube entering the hydrate reservoir is a bending process, 
its radius of curvature will change from infinity to equal to 
the inclined well. The maximum equivalent stress value is 
755 MPa, which is less than the yield strength of the broach-
ing tube 40Cr, i.e. 785 MPa. It shows that the broaching tube 
is always inelastic deformation during the process, and will 
not cause permanent deformation.

3.3.2 � Analysis of stope stability

In order to ensure the economical and effective exploitation 
of marine natural gas hydrates and reduce safety risks, it is 
necessary to study the mechanical behavior of stopes with 
the finite element method. The height of the reservoir model 
is 60 m. Because the model is symmetric, only half of the 
domain is modeled to reduce computational costs. The fol-
lowing Fig. 19 shows the top view of the model.

The distance between the inclined well and the vertical 
well and the limit position of the universal joint determine 
the shape and volume of the goaf. ∠� is the broaching angle, 
L is the broaching radius, and ∠� = 45◦ is the angle between 
the two inclined wells. In order to reduce the computational 
cost of the model, a structured grid is selected, and the grid 
around the stope is refined to ensure the accuracy of the grid.

The stress distribution and the seafloor settlement are 
important parameters to judge whether the goaf will col-
lapse, and also the primary criteria to determine the size of 
the stope. Hydrate sediments in the Shenhu area of the South 
China Sea are mainly argillaceous fine silt (Lui et al. 2012), 
with small particle size distribution and low intensity. There-
fore, the relative parameters of low-strength bentonite used 
in the study of mechanical properties of hydrate sediments 
by Li Lingdong et al. (Li et al. 2012) are selected as the 
finite element calculation parameters (Table 3). The over-
burden failure is evaluated by the Drucker-Prager criterion 
and Mohr–Coulomb criterion.

Without considering the supporting effect of the overlying 
layer, the top of the model bears about 12.86 MPa of seabed 

Fig. 18   Stress cloud map of the tubing during exploitation

Fig. 19   Top view of goaf

Table 3   Geotechnical mechanical parameters of hydrate (Li et  al. 
2012)

Parameter Value

Elasticity modulus (MPa) 749
Poisson ratio 0.32
Density (kg/m3) 2600
Cohesion (MPa) 1.2
Internal friction angle, φ(◦) 7.2
Biot-willis coefficient 1
Confining pressure (MPa) 16.37
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pressure and 3.51 MPa of formation stress. The reservoir is 
supported by the foundation, so the displacement constraint 
in the y-axis direction is used at the bottom boundary of 
the model. Saint Venant's principle holds that the influence 
of the near-stress concentration on the far distance can be 
ignored. Therefore, when the research scope of the hydrate 
reservoir is large enough, the local stress concentration after 
exploitation will not affect the stress distribution on the side 
of the model. Therefore, the rolling boundary is adopted on 
the side of the model to balance the stress of the model in 
the horizontal direction, and slight deformation is allowed 
in the vertical direction. The vertical plane of the model uses 
symmetrical boundary conditions, and the static pressure 
of the liquid column of 13 MPa is applied on all surfaces 
inside the goaf.

Table 4 shows the optimization scheme and results of 
the shape parameters of the stope. The broaching radius 
is 50, 55, and 60  m respectively, and the broaching 

angle varies from 30° to 60°, the adjustment range is 5°. 
Since the damage of overburden is usually a shear fail-
ure (Li 2013), the simulation results mainly reflect the 
shear stress. As shown in Fig. 20 with the increase of 
the radius and angle, the volume of the stope increases, 
and the corresponding maximum shear stress increases 
gradually. According to the Mohr circle and strength 
envelope of the bentonite sediment sample in reference 
(Lui et al. 2012), the ultimate shear strength of the sample 
is 3.27 MPa when the confining pressure is 16.37 MPa. 
In all stopes where the maximum shear stress is less than 
the shear strength of the hydrate reservoir, the sizes that 
correspond to the largest volume are the ideal stope sizes. 
From the perspective of safety, the ideal goaf shape is 
finally determined with the exploitation angle of 45° and 
the exploitation radius is 55 m. Therefore, the volume 
12,354 m3 is finally set as the ideal stope size.

As shown in Fig. 21, there are two stress concentration 
areas, which are at the start and end positions of the upper 
arc. The maximum shear stress is 3.20 MPa, which is less 
than the ultimate shear strength of the hydrate reservoir 
3.27 MPa. Therefore, the overlying layer keeps stable 
and will not collapse. As shown in Fig. 22, there is only 
slight local plastic deformation with a maximum plastic 

Table 4   Optimization scheme 
and results of stope shape

Exploi-
tation 
angle(°)

Maximum shear 
stress at follow-
ing exploitation 
radius (MPa)

50 m 55 m 60 m

30 2.43 2.59 2.79
35 2.55 2.85 3.09
40 2.75 3.10 3.14
45 3.15 3.20 3.33
50 3.18 3.25 3.54
55 3.26 3.51 3.60
60 3.70 3.92 4.33

Fig. 20   Maximum shear stress of each stope

Fig. 21   Shear stress cloud of ideal goaf

Fig. 22   Ideal goaf effective plastic strain cloud
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deformation of 0.16%. The deformation areas are mainly 
located at the sharp corner of the goaf.

3.4 � Technical and economic feasibility

Broaching exploitation technology is a special technol-
ogy for hydrate reservoir exploitation, which is proposed 
with reference to the principle of reciprocating coal cut-
ting by coal planer. Because the geological conditions of 
coal mines are different from marine hydrate reservoirs, 
this paper designed a broaching tube for hydrate reservoir 
exploitation; and verified the scientific nature of this tech-
nology through the physical experiment of hydrate effi-
cient breaking. The maintenance cost of the tool is low, 
similar to drilling tool, it is a steel structure part. Consid-
ering the material, size and processing method, the cost 
is not high, if the damage is too serious to repair, the tool 
can be replaced directly.

For the broaching process, the main factors affecting 
the daily production volume are the broaching speed and 
the speed of reciprocating upwards and downwards. Refer-
ring to the drilling speed (Wu et al. 2016) and the rotary 
rate of the drilling tool (Yan 2001), the broaching speed 
is 0.8 m/min, and the reciprocating speed is 36 m/min. It 
takes 126 h to exploit a complete "blossom shape", thus 
the production rate is 3.27 m3/min. According to Eq. (2), 
the daily gas production of broaching is 142,000 m3. It 
proves that broaching technology has the potential to be 
used to exploit the hydrate reservoir.

4 � Conclusions

The safe, reliable, and economical exploitation technology of 
natural gas hydrate is the key to the development and utili-
zation of natural gas hydrate. In this paper, two exploitation 
tools are designed for the mechanical cutting of solid-state 
fluidization exploitation. On this basis, the modeling and finite 
element analysis of the two exploitation tools are carried out, 
and the technical and economic feasibility of the two exploita-
tion tools are verified. The designed tools have the following 
four features:

(1)	 The hydrate breaking and collection can be carried out 
in a controllable manner while bearing the pressure of 
the overburden;

(2)	 The operation process is continuous and stable;
(3)	 The separated tailings can be backfilled to avoid the 

collapse of the goaf;
(4)	 The exploitation can be further optimized to improve 

the exploitation efficiency.

The research of this paper aims to provide new research 
ideas and some theoretical basis for the mechanical exploita-
tion of marine natural gas hydrate. In addition to the previous 
lab-scale experiments, more physical experiments and hydrate 
trial exploitation will be carried out in the follow-up national 
key R&D project.
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