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Abstract: Deep water shallow natural gas hydrate (NGH) is a kind of clean energy and has entered
the commercial exploitation stage. However, it produces a lot of seabed sediment in the process of
large-scale mining, which not only easily causes undersea natural hazards, but also leads to pipeline
equipment blockage and high energy consumption in the mining process. A downhole solid–liquid
separator can effectively separate natural gas hydrate from sand and backfill sand in situ, which
can effectively solve this problem. In this paper, the safety of a downhole solid–liquid separator
desander under torsion conditions is determined by a test method. A numerical simulation method
was used to simulate the tension and pressure of the downhole solid–liquid separator, and a modal
simulation analysis and erosion analysis of the downhole solid–liquid separator were carried out.
The experiments showed that the downhole solid–liquid separator could withstand 30 KN/m of
torque, and a numerical simulation analysis showed that it could withstand 30 MPa of pressure
and 50 KN of tension. The results show that the maximum stress is 116.56 MPa, and the maximum
allowable stress is 235 MPa. The modal analysis showed that the downhole solid–liquid separator
produces resonance at a frequency of about 93 Hz, resulting in large deformation, which should
be avoided as far as possible. Through the erosion analysis, the life of the downhole solid–liquid
separator was determined to be about 2.3 years. Numerical simulation and experimental results show
that the designed downhole solid–liquid separator for natural gas hydrate can ensure safety.

Keywords: natural gas hydrate (NGH); solid–liquid separator; safety

1. Introduction

Natural gas hydrate (NGH) has the characteristics of wide distribution, a large number
of resources, and high energy density [1,2]. The carbon stored in NGH is about twice the
total carbon content of the known conventional energy in the world [3]. Therefore, the
efficient exploitation and utilization of NGH is necessary. The lithology of the NGH
reservoir in the South China Sea is mainly argillaceous silty fine-grained sediments [4,5]. It
has the characteristics of a shallower burial depth, lower permeability, worse cementation,
and no dense caprock [6,7]. Therefore, NGH mining in the South China Sea is more difficult.
For the relatively shallow burial of fine-grained natural gas hydrate-bearing sediments in
the South China Sea, the solid–fluid mining scheme is currently adopted [8,9]. At present,
the solid-state fluidized mining technology faces the problem of a large amount of sand
production, and the separation of argillaceous silt has become one of the core issues of
solid-state fluidized mining [10,11]. Large amounts of sand transported to the ground
are difficult to process quickly and efficiently, and increase economic costs [12,13]. The
downhole solid–liquid separator for natural gas hydrate exploitation can in situ backfill
the sand in the mixed liquid without conveying it to the ground, which can effectively
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solve this problem [14]. Therefore, the development and application of a new downhole
solid–liquid separator for natural gas hydrate is imminent.

Before the large-scale production and application of the solid–liquid separator for
natural gas hydrate exploitation, it is necessary to evaluate its safety to prevent its failure
in the working process and avoid economic losses, which is one of the indispensable
links. Most of the current studies are based on the separation efficiency study of the
cyclone separator [15–19], and there are few studies on the safety of the separator. The
safety research of other tools can be used for reference. One scholar has carried out
in-depth, special research on magnetic particle inspection [20]. At present, there are
two important problems to be solved in the process of magnetic particle inspection: the
lack of theoretical analysis on the formation of the crack indications, and quantitative
characterization methods to determine the crack indications. Experimental results revealed
that the optimal magnetic particle concentration was 3–4 mL/L, and, under this condition,
the contrast between the crack indications and the background of the crack images was
obvious. At present, the research on safety performance mostly focuses on several other
downhole tools. It is necessary to study downhole tools based on actual working conditions
such as pressure to ensure the safety of the tools in downhole pressure. Another scholar
studied the force of downhole tools [21]. He verified and tested the performance of
downhole sealing rings in a pressure environment. The objectives of this experimental study
are to develop testing protocols to investigate the performance of common elastomeric
seals that are used in a liner hanger seal assembly. The pressure cycling results showed
that elastomers’ energization plays a critical role in maintaining their seal integrity. The
downhole environment is complex. Fluid–solid coupling between various liquids and
downhole tools produces different frequencies of vibration. Vibration and shock are one of
the important reasons for the failure of downhole tools. One scholar studied the vibration of
downhole tools [2], starting from the initial configuration of a drilling tool and considering
the contact impact of the drilling tool and the borehole wall; the dynamic excitation of the
guide mechanism; and the drilling pressure, torque, rotational speed, gravity, buoyancy,
and drilling fluid damping. The dynamic characteristics of the inherent frequency and
dynamic stress of the bottom hole assembly were calculated and analyzed, and a risk
assessment method based on the quantitative vibration intensity was established. Erosion
is an important factor affecting the service life of oil and gas equipment. The erosion in
the pipeline has been studied [22]; in the study, fracturing pipeline erosion was evaluated
under the action of multiphase flow through both experimental study and computational
fluid dynamics (CFD) simulation. The flow characteristic of particles in a fracturing pipe
can be described as the comprehensive effects of centrifugal force, turbulent diffusion, and
mainstream and secondary flow carrying effect. At present, there is still a lack of research
on the comprehensive evaluation of the safety of the solid–liquid separator.

Aiming at the problem of large sand production in the solid fluidization mining pro-
cess of natural gas hydrate [23,24], in this paper, a new solid–liquid separator for a natural
gas hydrate exploitation-axial flow annular in situ cyclone desander is proposed. Sand
remover application scenarios are shown in Figure 1. At present, most of the papers focus
on separation efficiency. In this paper, the safety of the downhole solid–liquid separator is
analyzed innovatively. The new downhole solid–liquid separator has the characteristics
of high separation efficiency, and the product was manufactured for the first time for
the experiment. Since the results of the numerical simulation and actual experiment are
quite different, the safety performance of the downhole solid–liquid separator is compre-
hensively evaluated through the combination of numerical simulation and experiment,
including flaw detection experiment, numerical simulation of tension and compression,
torsion experiment, modal analysis, and numerical simulation of erosion, which lays a
solid foundation for the large-scale application of the downhole solid-liquid separator in
the future.
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of the downhole solid–liquid separator, the gas hydrate and sand are separated [29,30]. 
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Figure 1. Application scenario of downhole solid–liquid separator.

2. The Method and Process Experiment and Simulation
2.1. Reasons for Failure of a Downhole Solid–Liquid Separator for NGH

The working principle of the downhole solid–liquid separator for NGH is that drilling
fluids carrying gas hydrates and sediments are transported underground to the sea level
drilling platform, through the annular space around the inner pipe [25,26], and the mixed
liquid of the underground natural gas hydrate and sand is transported from the ground
to the sea through the middle pipe [27,28]. When passing through the inner pipe of the
downhole solid–liquid separator, the gas hydrate and sand are separated [29,30]. The
specific process is shown in Figure 1. The role of drilling fluid is to break the natural gas
hydrate solid through a downhole jet, and then carry the broken gas hydrate particles
back to the ground. The downhole environment is complex, and the force of the downhole
solid–liquid separator is also complex, which is mainly affected by the tension, torque,
and vibration transmitted by other downhole tools and strings [31]. The mixed liquid
with a high underground sediment concentration causes erosion to the inner tube [32].
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The material of the downhole solid–liquid separator shell is 42CrMo, which belongs to
plastic material, and plastic deformation occurs under tension. The downhole solid-liquid
separator also bears the torque and vibration transmitted from other tubing strings and
downhole tools, resulting in torsional deformation and resonance, and resonance can also
cause deformation, thus making the downhole solid-liquid separator failure. Finally, the
mixed liquid in the inner tube passes through the spiral blade in the downhole solid–liquid
separator due to the centrifugal force, which collides with the inner tube wall and causes
erosion. The above-mentioned cases may cause the failure of the downhole solid–liquid
separator, resulting in economic losses.

2.2. Twisting Test

To check whether the downhole solid–liquid separator was damaged before and
after the test, magnetic particle flaw detection was used to test each component. Firstly,
the penetrant was sprayed on the surface of the downhole solid–liquid separator. After
spraying, the imaging agent was evenly sprayed on the surface of the downhole solid–
liquid separator at a certain distance until the penetration was completed. The magnetic
powder was uniformly dispersed on the surface of the downhole solid–liquid separator
shell. Meanwhile, the CDX-3 multi-purpose magnetic particle flaw detector (Figure 2a) was
used for detection, as shown in Figure 2b. The magnetic particle flaw detector generates a
current to display by cutting a magnetic induction line through defects. The instrument
displays at 0 A, indicating no current generation and no pointer swing, and no abnormal
aggregation of magnetic particles on the surface of the downhole solid–liquid separator
shell is observed. After the downhole solid–liquid separator test is completed, repeat the
above steps to test the downhole solid–liquid separator again to see if there is any damage.
The test results show that the downhole solid–liquid separator is not damaged.
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Figure 2. Torsion test flaw detection process and equipment. (a) Flaw detection process; (b) flaw
detection equipment.

2.3. Numerical Examples and Analysis
2.3.1. Tension and Compression Simulation Analysis

After importing the established solid model into ANSYS, the analysis using numerical
simulation is carried out. Some initial conditions used are the shell of the downhole
solid–liquid separator made of 42CrMo material, whose elastic modulus is 2.12 × 1011 Pa,
Poisson’s ratio is 0.3 and density is 7850 kg/m3. The specific materials of other parts of the
downhole solid–liquid separator are shown in Table 1.
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Table 1. Material list of parts of the downhole solid–liquid separator.

Part Materials

Desander adapter 42CrMo
Desander conversion connector internals 40CrNiMoA

Desander housing 42CrMo
Desander sand discharge nozzle 40CrNiMoA

Desander female internal connector 40CrNiMoA
Desander outlet conduit 40CrNiMoA

Helical blade 40CrNiMoA
Desander inner pipe 40CrNiMoA

Desander male inner connector 40CrNiMoA

The main force of the downhole solid–liquid separator in the normal working environ-
ment is the tensile force that is transmitted by the downhole tool. According to the normal
stress formula:

δ =
FN
A

(1)

Formula: δ is the stress value, unit pa; FN is a positive stress, and the unit is N; A is the
cross-sectional area, in m2.

The strength condition of the downhole solid–liquid separator is that the maximum
tensile stress cannot exceed the allowable stress of 42CrMo material 930 MPa:

δmax =
FNmax

A
≤ [δ] (2)

According to Hooke’s law, in the elastic range, the normal stress is proportional to the
linear strain, so there are:

∆l =
FN l
EA

(3)

Formula: E is the elastic modulus; EA is tensile stiffness, l is the total length of the
downhole solid–liquid separator, and ∆l is the elongation after tension.

Since the cross-sectional area of the downhole solid–liquid separator shell is not always
consistent, the maximum stress and maximum elongation of the downhole solid–liquid
separator shell cannot be accurately calculated by the formula. Because the deformation
is small and the maximum stress is difficult to measure, numerical simulation is a good
solution. In the above formulas, the local sensitivities of FN and A in Equation (1) are 1
and −1, respectively; the local sensitivities of FNmax and A in Equation (2) are 1 and −1;
the local sensitivities of FN and l in Equation (3) are 1; and the local sensitivities of E and A
are −1. The casing of the downhole solid–liquid separator is threaded to the upper and
lower downhole tools. The downhole solid–liquid separator is meshed by the Mesh in
Workbench 18.0 software, and the tetrahedron-dominated unit division is adopted. In order
to ensure the calculation accuracy, the unit size is a 5 mm grid, and the number of grids
is 102,536, as shown in Figure 3a. The working condition of the downhole solid–liquid
separator is the coiled tubing with a suspension strength of >2 inches, so the thread on
the upper side of the downhole solid–liquid separator is fixed, and the pull force on the
lower side of the shell of the downhole solid–liquid separator is about 5 × 105 N. The
formation pressure on both the inner and outer surfaces is 30 MPa. Boundary conditions of
the downhole solid–liquid separator are shown in Figure 3b.
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2.3.2. Modal Simulation Analysis

The damped method was used for the modal analysis and the first six natural frequen-
cies were calculated. In practice, the influence of low-order mode is usually greater than
that of high-order mode, so the first 1–6 orders of the vibration frequency of the downhole
solid–liquid separator are taken as the analysis object when conducting a modal analysis of
the downhole solid–liquid separator.

Modal is the inherent vibration characteristics of the structure. The modal parameter
information can be obtained by a theoretical analysis, and the calculation process is called a
modal analysis. Its essence is to solve the eigenvalues and eigenvectors of the structural
characteristic equation. For the free vibration system without damping, its motion equation
is as follows:

[M]
{ ..

X
}
+ [K]{X} = 0 (4)

Among them,
{ ..

X
}

, {X} are the acceleration and displacement vector of each degree
of freedom; [M] and [K] are the mass matrix and stiffness matrix, respectively.

Assuming that the free vibration of a multi-degree-of-freedom vibration system is a
harmonic motion, then:

{x} =
{
_
x
}

sin(ωt + θ) (5)

where
{_

X
}

is the shape of the system, which is related to the amplitude and independent
of time; ω and θ are the vibration mode frequency and phase angle, respectively. The above
two equations are combined and converted to obtain:

det
{
[K]−ω2[M]

}
= 0 (6)

If Equation (6) holds, the free vibration with limited amplitude can be obtained, which
is the frequency equation. If in the whole system, the corresponding number of degrees of
freedom is N, then according to the above calculation, we can obtain N roots sorted from
small to large and the frequency vector {ω}. ωi is the natural frequency of the corresponding
first mode:

ω =
{

ω1, ω2, ω3, . . . , ωi

}T
(7)

Through the modal analysis of the structure, the accurate analysis of the natural
frequency and basic vibration mode of the structure is beneficial to the analysis of the
dynamic characteristics of the structure. For the downhole solid–liquid separator, its
structure, operation, position, and excitation are special. The correct study of the structural
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characteristics of the downhole solid–liquid separator is of great significance to determine
whether it can operate safely [33,34].

2.3.3. Erosion Analysis

The downhole solid–liquid separator is mainly used to separate the sand in NGH.
After the sand containing NGH passes through the downhole solid–liquid separator, the
centrifugal force of the downhole solid–liquid separator causes the sand particles to move
towards the pipe wall, which increases the sand content of NGH near the pipe wall and
discharge from the sand outlet. Therefore, NGH with high sand content causes relatively
large erosion to the inner wall of the downhole solid–liquid separator, resulting in damage
to the downhole solid–liquid separator. Therefore, it is of great practical significance to the
erosion analysis of the downhole solid–liquid separators.

The solver was set as follows: The solver selected the pressure-based solver, the time
attribute was defined as transient (instantaneous flow), and the speed attribute was defined
as absolute (absolute speed). The Discrete Phase Model (DPM Model) was selected as
the computing model, and the Realizable K-Epsilon Model was selected as the turbulence
model. The default parameters were kept unchanged. The density of the wall material was
7830 kg/m3. To simplify the calculation of liquid density, the density of water was adopted,
and the density of sand was 2500 kg/m3. Both outlets were set as free flow outlets, which
were directly connected with the pipe string to simulate the actual working state of the
downhole solid–liquid separator. According to the working characteristics of the downhole
solid–liquid separator, the SIMPLEC algorithm and QUICK difference scheme are used to
solve the flow field in the calculation process of Fluent.

3. Results and Discussion
3.1. Torsional Performance Evaluation

The downhole solid–liquid separator shell was mounted on the testing machine and
each component was assembled on the testing machine, as shown in Figure 4. The main
parts of the tension, pressure, bending and torsion testing machine were measured, and
the pressure was used for simple calculation. The bending moment that was used in the
test was 30 KN/m, the push rod diameter of the bending and torsion testing machine was
70 mm, and the bending moment was 1500 mm.
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The torque experiment of the downhole solid–liquid separator was carried out, and
the torque experimental data were the added pressure of 3 MPa. The torque was calculated
by the following formula:

Pressure used:
P =

M
πD2

4 × L
= 3 MPa (8)

L is the radius of the testing machine, L = 1.5 m; P is the test pressure; M is the torque
on the specimen, M = 30 KN/m; and D is the diameter of the piston push rod, D = 0.07 m.
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The formula conversion shows that the cyclone separator can withstand a torque of
30 KN/m, and the strength of 42CrMo is 930 MPa. The rated torque of the tool can be
obtained by the following calculation formula:

W =

π(D4−d4)
32
D
2

= 2.7 MPa (9)

D is the outer diameter of the downhole solid–liquid separator shell, D = 985 mm;
d is the inner diameter of the downhole solid–liquid separator shell, d = 635 mm. The
experimental pressure data of 3 MPa are converted into a torque of 30 KN/m by Formula
(13), which is slightly larger than the designed rated torque of 2.7 MPa. No damage was
found by the flaw detection experiment, which proves the safety of torsional strength.
In the above formulas, the values of D and d were determined. In Formula (8), the local
sensitivity of M is 1, and the local sensitivity of L is −1.

3.2. Evaluation of Tension and Compression Performance

According to the numerical simulation analysis of tension and pressure, the maximum
stress of the downhole solid–liquid separator was 116.56 MPa and the maximum strain was
about 0.001 mm under the pressure of 50 KN and 30 MPa, which met the requirements.

A finite element analysis was conducted according to the boundary conditions of the
shell of the downhole solid–liquid separator to obtain the results of the strain and stress of
the downhole solid–liquid separator, as shown in Figure 5. The simulation analysis showed
that the maximum stress of the downhole solid–liquid separator was 116.56 MPa, located
at the first thread of the upper thread, which was caused by the maximum stress on the
first thread, the position of the maximum deformation also occurs in the first ring thread.
Here, it was about 0.001 mm. The yield stress of 15CrMo material was 235 MPa and the
safety factor was 2.02, which met the safety standard.

Energies 2022, 15, x FOR PEER REVIEW 8 of 14 
 

 

Pressure used: 

2= 3 MPa   

4

MP
D Lπ

=
×

 
(8)

L is the radius of the testing machine, L = 1.5 m; P is the test pressure; M is the torque 
on the specimen, M = 30 KN/m; and D is the diameter of the piston push rod, D = 0.07 m.  

The formula conversion shows that the cyclone separator can withstand a torque of 
30 KN/m, and the strength of 42CrMo is 930 MPa. The rated torque of the tool can be 
obtained by the following calculation formula: 
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D is the outer diameter of the downhole solid–liquid separator shell, D = 985 mm; d 
is the inner diameter of the downhole solid–liquid separator shell, d = 635 mm. The exper-
imental pressure data of 3 MPa are converted into a torque of 30 KN/m by Formula (13), 
which is slightly larger than the designed rated torque of 2.7 MPa. No damage was found 
by the flaw detection experiment, which proves the safety of torsional strength. In the 
above formulas, the values of D and d were determined. In Formula (8), the local sensitiv-
ity of M is 1, and the local sensitivity of L is −1. 

3.2. Evaluation of Tension and Compression Performance 
According to the numerical simulation analysis of tension and pressure, the maxi-

mum stress of the downhole solid–liquid separator was 116.56 MPa and the maximum 
strain was about 0.001 mm under the pressure of 50 KN and 30 MPa, which met the re-
quirements.  

A finite element analysis was conducted according to the boundary conditions of the 
shell of the downhole solid–liquid separator to obtain the results of the strain and stress 
of the downhole solid–liquid separator, as shown in Figure 5. The simulation analysis 
showed that the maximum stress of the downhole solid–liquid separator was 116.56 MPa, 
located at the first thread of the upper thread, which was caused by the maximum stress 
on the first thread, the position of the maximum deformation also occurs in the first ring 
thread. Here, it was about 0.001 mm. The yield stress of 15CrMo material was 235 MPa 
and the safety factor was 2.02, which met the safety standard.  

 
Figure 5. Deformation and stress diagram of downhole solid–liquid separator. (a) Deformation
distribution; (b) stress distribution.

3.3. Modal Performance Evaluation

The order and frequency results of the modal analysis are shown in Table 2. Figure 6
shows the vibration displacement from the first order to the sixth order of the downhole
solid–liquid separator.
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Table 2. The first six natural frequencies of the downhole solid–liquid separator.

Degree Frequency/Hz Shape Change/mm

First order 92.96 4.8721
Second order 93.00 4.8725
Third order 481.09 4.8614

Fourth order 481.17 4.8609
Fifth order 623.39 4.5748
Sixth order 1019.20 3.5501
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As can be seen from Figure 6, in the six vibration modes of the downhole solid–
liquid separator, the deformation is large at the first frequency and the second frequency.
According to the modal analysis, the amplitude of the downhole solid–liquid separator
is about 4.9 mm, which is the largest at a 93.00 Hz frequency. Therefore, vibration of the
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pipe string at a 93.00 Hz frequency should be avoided in practical applications to prevent
damage caused by excessive deformation of the downhole solid–liquid separator.

3.4. Erosion Performance Evaluation

When liquid flows through spiral blade of inner tube of downhole solid-liquid sepa-
rator with uniform particles, because the particles are subjected to centrifugal force, the
particles gradually approach the inner tube wall and collide with the inner tube wall. A
small part of the fluid flows out of the sediment outlet with a large number of particles, and
the trajectory of the fluid changes from straight forward to spiral forward when passing
through the spiral blade, so the erosion of the particles on the inner tube also presents a spi-
ral shape. The particle movement track is shown in Figure 7. It can be seen from the figure
that the particles close to the fast velocity collide with the pipe wall after passing through
the downhole solid–liquid separator, and the velocity gradually decreases, resulting in the
erosion of the pipe wall.
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The erosion cloud diagram is shown in Figure 8a. The maximum erosion rate is
7.45 × 10−5 kg/m2, and the location is shown in Figure 8b,c. The maximum erosion occurs
at the point where the last blade is in contact with the pipe wall. At this point, the
rectification and separation effect of the downhole solid–liquid separator is the strongest, so
the erosion rate is also the largest. After the fluid passes through the downhole solid–liquid
separator, the streamline becomes chaotic, and the erosion rate decreases accordingly.

The maximum erosion rate ER = 7.45 × 10−5 kg·m−2·s−1 is proposed to represent the
average erosion rate E in the bottom area, but because the erosion rate changes with time,
the correction coefficient k is needed. It can be seen from Figure 8. It can be seen from the
diagram that the maximum erosion rate is ten times different from the minimum erosion
rate. The ratio of the minimum to the maximum erosion rate in the erosion area is 0.1, and
k = 0.1 after comprehensive consideration.

The average erosion rate E in the erosion area is:

E = k · ER (10)

Particle erosion spiral blade and inner tube contact are not good, causing vibration
and aggravating wear. The erosion depth is calculated according to the mass loss of the
wall material. The erosion of the erosion model mainly occurs at the back of the inner tube.
The mass loss MR of the slotted casing is calculated as follows:

MR = E · S (11)
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Formula S for the erosion area, m2, according to the estimate S = 0.0088 m2.
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According to the volume formula, after the mass loss is transformed into the volume
loss, the erosion depth can be calculated as:

L =
VR
S

=
MR
ρbS

(12)

In the formula: L is the erosion depth, mm; VR is volume loss, m3; ρb is the density of
the sleeve material, kg/m3; the material used in the inner tube is TiN; and the density is
5430 kg/m3.

The service life T of the downhole solid–liquid separator is:

T = D/L = ρbD/(kER) (13)

where D is the allowable erosion depth of the downhole solid–liquid separator inner tube,
D = 0.1 mm, and the inner tube coating is 0.1 mm thick. When the erosion exceeds 0.1 mm,
the tube wall has serious electrochemical corrosion with natural gas hydrate, and the
corrosion rate increases sharply. The calculated T is about 7.289 × 107 s, converted to
2.3 years of service life. In the above formula, the value of k is determined. The local
sensitivity of ER in Formula (10) is 0.1; the local sensitivities of E and S in Formula (11) are
1; the local sensitivities of ρb and S in Formula (12) are −1; the local sensitivities of MR are 1;
the local sensitivities of ρb and D in Formula (13) are 1; and the local sensitivity of ER is −1.

4. Conclusions

In this paper, experimental and numerical simulations are used to analyze the safety
of a new type of downhole solid–liquid separator from different angles. Previous studies
are mostly based on separation efficiency. The innovation of this paper lies in:

(1) The axial annulus in situ desander was not damaged by the magnetic particle detection
test before and after the test. By observing the distribution of magnetic particles on
the axial annulus in situ desander shell surface and the oscillation of the magnetic
particle detector pointer, it was proved that the axial annulus in situ desander was
not damaged.

(2) Through the numerical simulation of tension and pressure, it is shown that the
maximum stress of the shell of the downhole solid–liquid separator is 116.56 MPa and
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the maximum deformation is about 0.001 mm under the combined action of 30 MPa
bottom hole pressure and 5 × 105 N tension, which is not more than the allowable
stress of the material. It is proven that the downhole solid–liquid separator is safe.

(3) Through the modal analysis of the downhole solid–liquid separator, the first six modes
are obtained. In the practical engineering application, the six frequencies of 92.96 Hz,
93.00 Hz, 481.09 Hz, 481.17 Hz, 623.39 Hz, and 1019.20 Hz should be avoided to
prevent damage to the downhole solid–liquid separator that is caused by resonance.

(4) The torsional experiment of the downhole solid–liquid separator is to estimate the
torque that it can withstand by using the relevant formula, and then the relevant
experiments are carried out to prove that it can be used normally under the normal
condition of 30 KN/m torque, and there is no damage after the pre-test and post-test.

(5) Through the erosion numerical analysis of the downhole solid–liquid separator, the
maximum erosion rate under normal conditions is obtained by numerical simulation,
and the erosion area is measured. The service life is estimated to be 2.3 years by
the formula.

Through the formula derivation, numerical simulation, and experiment of different
angles, the safety of the downhole solid–liquid separator is preliminarily proven from
multiple angles. This is the first time that the product has been manufactured and an
experiment carried out, which lays the foundation for its large-scale commercial application
in the future.
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Nomenclature

NGH natural gas hydrate [K] stiffness matrix L erosion depth
δ stress value P test pressure ρb density
FN positive stress M torque T service life
EA tensile stiffness D outer diameter D allowable erosion depth
l total length d inner diameter k ratio
∆l elongation after tension ER maximum erosion rate S erosion area
[M] mass matrix ω vibration mode frequency
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