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ABSTRACT: Aiming at the separation of mud and sand in natural gas
hydrate, for the designed built-in twisted tape hydrocyclone, the numerical
simulation method was used to study the effects of different types of built-in
twisted tape and operating conditions on the internal flow field of the
hydrocyclone, separation efficiency, and influence of hydrate particle size
distribution. The research results show that the built-in twisted tape has the
same swirling direction as the hydrocyclone, which is beneficial to improving
the swirling intensity, and the ability to carry and separate solid particles is
obviously enhanced. The built-in twisted tape hydrocyclone with a length of
300 mm has better separation efficiency and internal flow field stability. By
changing the conditions of the inlet velocity and the initial concentration of
hydrate particles, the comparison shows that when the inlet velocity is 8 m/
s, the volume of mud and sand is 25%, the initial concentration of hydrate
particles is 15%, and the built-in tape is 300 mm long. The tape hydrocyclone has the best separation efficiency. Compared with the
basic hydrocyclone, the built-in twisted tape hydrocyclone with a length of 300 mm increases the separation efficiency of mud and
sand by 7.49%, while the pressure drop only increases by 2.67%, showing the superiority of the built-in twisted tape structure.

1. INTRODUCTION
Global natural gas hydrates are mainly distributed in the polar
regions and deep ocean areas, and marine hydrate resources
account for more than 95% of the total hydrate resources.1 At
present, marine diagenetic gas hydrate resources can be
exploited by changing phase balance methods such as
depressurization, heat injection, agent injection, and gas
replacement. For marine non-diagenetic gas hydrate resources,
Zhou et al.2 proposed deep-water and shallow non-diagenetic
natural gas. Hydrate solid-state fluidization mining technology
successfully completed the deep-water shallow non-diagenetic
gas hydrate solid-state fluidization operation in the Shenhu area
of the South China Sea in 2017, marking that the hydrate solid-
state fluidization mining method can solve the problem of non-
diagenetic hydrate resource mining.3 However, in the solid-state
fluidized exploitation of marine hydrates, there are many
problems in the pre-separation technology of hydrate mud
and sand and the pipeline transportation technology of hydrate
slurry, and these problems have a great impact on non-
diagenetic hydrate resource mining.
In view of the fact that there are few studies on the separation

of hydrate-sand-sand mixed slurry and the transportation of
marine hydrate slurry under swirl flow in the solid-state fluidized
mining of marine hydrates, it is urgent to carry out the selection
and optimization of underwater pre-separation equipment and
the swirl flow pipeline transportation of hydrate slurry.
Numerical simulation research plays an important role in

marine hydrate development and research and has become a
must-do project before and after hydrate field test research.4

Before the trial mining research, through the simulation test, the
operation of the target hydrate in the equipment and the changes
of other parameters should be investigated, the process
equipment should be optimized, and the test results should be
preliminarily judged so as to achieve the purpose of technical
improvement. Simulation research on the underwater pre-
separation and transportation of marine hydrate is an important
way to promote the industrial application of natural gas hydrate.
In recent years, with the deepening of the research on

hydrocyclones by experts and scholars, the hydrocyclone and its
related technologies have been developed rapidly. The hydro-
cyclone has a simple internal structure, a small volume, high
separation efficiency, a long service life, and convenient
maintenance in later periods. It is especially suitable for the
engineering process that is not conducive to frequent
replacement of separation equipment, so it has become common
equipment for underwater separation operations.5 By changing
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the structure and optimizing the operating conditions, it can be
adapted to the separation of different types of minerals. It is very
suitable equipment for underwater pre-separation of marine
hydrate solid-state fluidization mining. Due to the great
difference in the density of the two materials in the hydrate-
slurry mixed slurry, in the separation process, quickly gathering
and discharging light hydrate particles from the overflow is the
key to affecting the separation efficiency. However, the structure
of the hydrocyclone is simple, and the internal flow field is
relatively complicated. It is difficult for the experimental device
tomeasurematerials with opaque and high concentration.6With
the development of computational fluids, the numerical
simulation method has become the mainstream method to
study the performance of hydrocyclones, and the research on
hydrocyclones whose structure will be improved by the
numerical simulation method has also been affirmed by the
industry. Xu et al.7 verified the accuracy of using the Reynolds
stress model to simulate the particle motion of the hydrocyclone
by comparing it with the particle motion trajectories in the
particle image velocity (PIV) and used the Reynolds stress
model to simulate the internal flow field of the hydrocyclone.
The results show that the simulated flow field is in good
agreement with the actual flow field, which further verifies the
accuracy and practicability of the numerical simulation. Baker et
al.8 proposed the structural form of the reverse flow hydro-
cyclone and analyzed it numerically. The results show that
adding a hydrocyclone to the overflow port inside the
hydrocyclone solves the problem that the separated liquid
with a small density difference is discharged from the same outlet
at the same time during the three-phase separation process. The
device is suitable for the separation of underground mineral
deposits. Westra et al.9 proposed a bushed hydrocyclone
structure. The main external components of the conventional
hydrocyclone, such as the barrel and the cone, are all fixed parts,
so the maximum value of the rotation speed near the wall is
limited by the structure of the hydrocyclone. The lower cone
part of the hydrocyclone is equipped with an inner ring bearing
structure, and the upper cylinder part is equipped with an outer
ring bearing. During operation, the lower cone section rotates
with the movement of the cylinder section, which increases the
rotation speed value. When the material moves at high speed in
the hydrocyclone, the rotation and swirl speed of the cone
section make the separated material obtain a larger centrifugal
force, thereby improving the separation efficiency. Zhao et al.10

designed a hydrocyclone with a built-in thimble in the bottom
flow port. The research shows that the built-in thimble is
installed at the sand settling port, and the lower cone part
contains substances that are not completely separated from oil
and water. The presence of the built-in thimble makes the oil
phase particles gather at the tip of the thimble in the inner swirl
zone. Presence to make the oil phase more easily drained from
the overflow. Under different inlet flow rates, the built-in
thimble hydrocyclone improves the separation efficiency by
more than 10% and reduces the pressure drop by 50% compared
with the ordinary hydrocyclone. Gomez et al.11 designed a
helical vane hydrocyclone in which a hydrocyclone is installed
with helical vanes at the overflow. The results show that the
tangential velocity increases when the oil−water mixture enters
the position of the helical blade from the feed port. By increasing
the tangential velocity, the swirl intensity can be increased,
thereby increasing the swirl intensity in the oil−water mixture.
When the oil−water mixture moves into the cone section, the
rotation radius of the oil−water mixture will decrease due to the

limitations of the cone wall. The rotation radius is inversely
proportional to the swirl intensity. The swirl blade and the cone
part enhance the swirl flow, and there is a density difference in
the oil−water mixture, which improves the oil−water separation
efficiency. However, the increased resistance and turbulent
kinetic energy pulsation on the surface of the helical blade will
lead to the separation of the boundary layer, thus affecting the
separation efficiency. When setting the twisted tape in the
hydrocyclone to enhance the strength of the swirl, it is necessary
to avoiding the length of the twisted tape be too long. Shang et
al.12 designed a new type of slotted helical vane hydrocyclone
and used FLUENT fluid software to optimize the separation
efficiency, pressure field, and oil phase distribution for numerical
simulation. The results show that compared with the hydro-
cyclone of the same size, the optimized slot hydrocyclone has a
separation efficiency of 93.7%, the internal velocity field is
circumferentially symmetrical, the internal flow field is more
stable, and the oil content of the underflow port is reduced. Zhao
et al.13 designed an inner cone hydrocyclone, and the results
show that the inner cone structure provides a more stable flow
field for the separated phases, which is beneficial to the radially
separated gas accumulation and the formation of larger bubbles.
It also pushes the air bubbles upwards to improve the gas−liquid
separation performance. At the same time, Zhao et al.14 studied
the effect of inner cone diameter on the degassing and desander
hydrocyclones. The results show that the diameter of the inner
cone has a significant effect on the separation efficiency. The
solid phase separation efficiency of the separator with an inner
cone diameter of 30 mm, an inlet flow rate of 1.1 m3/h, and an
overflow split ratio of 60% is as high as 85.8%. Chen et al.15

designed a hydrocyclone suitable for the separation of hydrate
mud−sand mixed slurry. By changing the cone angle, inlet flow
rate, mixed slurry volume fraction, and particle size of the
hydrocyclone, changes can be made to the separation efficiency
of hydrocyclones. The results show that in the hydrocyclone
with a cone angle of 15°, the particle size is 50−70 μm, the inlet
flow rate is 7 m/s, and the volume fraction of mud and sand is
about 25%; the separation efficiency is the highest. At the same
time, Chen proposed a double-cone-inner-cone hydrocyclone
and studied the effect of particle size, cone angle combination,
and inlet pressure on the separation efficiency of solid particles
and natural gas. The results show that the separation efficiency is
best when the particle size of solid particles is 50−90 μm, the
diameter of natural gas bubbles is 400−800 μm, the inlet
pressure is 4.3−7.3 MPa, and the optimal cone angle
combination of cone segment and inner cone is 10 and 5°.
However, Qiu et al.16 only designed and optimized the structure
of the separator, and the results showed that with the increase of
the diameter of the overflow port, the cone angle, the length of
the cylindrical section, and the diameter of the underflow port,
the separation efficiency first increased, and then the hydrate
recovery efficiency was as high as 98.5% when the structure was
optimized by the orthogonal method. Considering the recovery
of natural gas hydrate to the greatest extent, the orthogonal test
method is better for optimizing the structural parameters of the
purification separator, and the bottom flow port should be
considered. The research of Liu and Wang17 showed that the
structure improvement and the design of the new hydrocyclone
will improve the separation efficiency, but the improvement
potential is limited, and the operating parameters need to be
optimized to achieve the highest separation efficiency. Wang’s
research group has also done some research and exploration into
the formation and separation of hydrate.18−20 The above-
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mentioned relevant experts and scholars have conducted
numerical simulation and experimental verification studies on
hydrocyclones, but there are few studies on the separation law of
hydrate particles, the hydrocyclone has a single form and
structure, and there is a big gap in the separation efficiency of
different occasions.
Lafond21 carried out experiments on the flow characteristics

of hydrate particles, focusing on the effects of hydrate volume
fraction and fluid conversion velocity on the movement of
hydrate particles in the pipeline, which can provide an
experimental reference for the movement law of hydrate
particles and control hydrate slurry blockage. Majid et al.22

carried out experiments on hydrate flow characteristics with the
high-pressure loop of Tulsa University as the experimental
platform to solve the problem of hydrate flow guarantee in the
pipeline. The experimental results show that the liquid velocity
and water content have a great influence on the hydrate flow in
the pipeline. In addition, the viscosity change in the hydrate
formation process also has a great impact on the hydrate flow.
The viscosity is greater, and the fluidity is worse. Yongchao et
al.23,24 studied the flow characteristics of gas−liquid two-phase
spiral flow and hydrate formation characteristics based on spiral
flow. Ding et al.25 carried out research on hydrate flow and pipe
plugging characteristics in oil and gas gathering and transmission
pipelines. Based on the experimental results, the hydrate
deposition and pipe plugging mechanisms under different
hydrate slurry flow patterns are obtained, and the method of
quantitative calculation of deposition is deduced. The above
experts and scholars have studied the flow and deposition laws of
hydrate particles and preliminarily grasped the doom and fall law
of hydrate particles, but there are few studies on the movement
laws of hydrate particles in the hydrocyclone.
In general, simulation research on the underwater pre-

separation and transportation of marine hydrate is an important
way to promote the industrial application of natural gas hydrate.
Therefore, a hydrocyclone should be developed and designed
which is more suitable for the separation of hydrate after mining,
and the separation characteristics of hydrate particles need to be
studied. The research work in this paper is to provide theoretical
support for the development of hydrate solid-state fluidization
mining technology in the future on how to improve the
hydrocyclone separation efficiency of mud and sand in hydrate
and the transportation technology to improve the hydrate
carrying capacity.

2. NUMERICAL SIMULATION METHOD
2.1. Structure and Size. According to relevant empirical

formulas, the cylinder height (h1) is 285 mm, the cylinder
diameter (d1) is 250 mm, the conical cylinder height (h2) is 463
mm, and the cone angle (θ) is 15°. The top of the cylinder is
provided with an overflow port, and the side wall is provided
with a feed port. The overflow mouth diameter (d2) is 70 mm,
the total length of the overflow pipe (l1) is 85 mm, which
stretches into the depth of the cylinder body (l2) of 65 mm, the
inlet diameter (d3) is 40 mm, and the length (l3) is 50 mm. The
bottom of the conical cylinder is provided with a sand-settling
mouth, and the diameter (d4) is 30 mm. They are shown in
Figure 1.
The twist tape has the effect of forcing rotation, which can

improve the strength of the cyclone. At the same time, it is
placed at the sand-settling mouth of the hydrocyclone,
occupying the position of the air column and forcing the air
column to move upward, which makes it easier to increase the

upward thrust on the gas and hydrate particles, and it has a
certain effect on eliminating the air column generated at the
bottom. The twisted tape with a twist rate of Y = 6.2 (Y =H/D)
was adopted. In the internal twisted tape hydrocyclone, four
twisted tapes were chosen with the same twist rate Y and
different lengths of Li and one twisted tape had a reduced
diameter of 0.5 mm. Figure 2 shows the structure of a twisted
tape.
The built-in twisted tape hydrocyclone has the same structure

as the foundation cyclone, and the built-in twist-tape is fixed by a
bracket at the bottom of the cone. It can be used to enhance the

Figure 1. Basic hydrocyclone structure sketch.

Figure 2. Structural sketch of built-in twisted tape.
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strength of swirl, prolong the separation time, and improve the
separation efficiency of mud and sand. At the same time, in order
to avoid the removal of fine sand from the bottom flow orifice by
the twisted tape, the distance between the twisted tape and the
settling sand orifice is 15 mm, and two fixed supports are
installed at the position of the twisted tape and fixed at the
position of the cone, so the twisted tape is not easy to distort and
offset during the separation process.
2.2. Working Condition Setting. The performance of the

basic hydrocyclone and the built-in 300 mm long twisted tape
hydrocyclone were compared by changing the operating
conditions. Under the premise that the initial concentration of
mud and sand particles is 25% and the particle size of mud and
sand particles remains unchanged by changing the initial
concentration of hydrate and the inlet flow rate conditions,
the effect of a basic hydrocyclone and a built-in twisted tape
hydrocyclone on mud and sand separation efficiency and
hydration is studied. The 20 groups of working conditions are
simulated, and the designed working condition parameters are
shown in Table 1.

2.3. Physical Model. 2.3.1. Meshing. The hydrocyclones
are all divided by unstructured meshes, as shown in Figure 3. In
the pipeline swirl flow, the short twisted tape is selected as the
spinner. The short twisted tape spinner adopts an unstructured
mesh, as shown in Figure 4a and is assembled with a 2 m long
structured mesh pipeline. Figure 4b.

2.3.2. Grid Independence Verification. The twisted tape and
the settlingmouth are occupied in the position of the air column,
which prevents the production of the air column or forces it to
move up the direction of the overflow port. A twisted tape is
arranged at the settling port of the hydrocyclone, which can
enhance the internal swirl effect at the beginning.
For the simulation of hydrocyclone separation, the grid

number of the hydrocyclone is 135,105, the grid number of the
built-in twisted tape hydrocyclone with a length of 200 mm is
675,455, and the grid of the built-in twisted tape hydrocyclone
with a length of 300 mm is 675,455. The number of grids is

739,824, the grid number of the built-in twisted tape
hydrocyclone with a length of 450 mm is 794,608, and the
grid number of the built-in variable diameter twisted tape
hydrocyclone with a length of 200 mm is 749,790.
For the simulation of pipeline helical flow transportation, the

total number of grids of the short twist tape spinner is 486,360,
and the total number of grids of the ordinary horizontal pipeline
of the control group is 234,566. The mesh quality is above 0.8.
The number of grids simulated in the above two aspects has
been verified by grid independence and meets the requirements
of grid independence.

2.3.3. Boundary Conditions. In the simulation of the
hydrocyclone separator, the inlet velocity (velocity inlet) is set
for the material of the hydrocyclone. In the pre-separation of
seabed hydrate, the inlet port is a solid−liquid two-phase of mud
sand, seawater, and hydrate. The overflow and underflow port
selections are free outflow with no wall slippage. In the aspect of
pipeline helical flow simulation, the short-twisted tape spinner of
the pipeline adopts the Cartesian coordinate system for
calculation, and the coordinate origin is set at the center of
the pipeline inlet surface. The flow medium in the pipe is
seawater and hydrate particles, and the flow medium is specified
to move in the positive direction of the Y axis. The inlet of the
pipe adopts velocity-inlet, the outlet adopts natural outflow, and

Table 1. Simulated Condition Parameter Table

working
condition

flow velocity V0
(m/s)

hydrate volume
fraction α(%)

with/without
twist tape

case 1 7 10 have
case 2 7 15 have
case 3 7 20 have
case 4 7 30 have
case 5 7 10 nothing
case 6 7 15 nothing
case 7 7 20 nothing
case 8 7 30 nothing
case 9 5 15 have
case 10 6 15 have
case 11 7 15 have
case 12 8 15 have
case 13 9 15 have
case 14 10 15 have
case 15 5 15 nothing
case 16 6 15 nothing
case17 7 15 nothing
case 18 8 15 nothing
case 19 9 15 nothing
case 20 10 15 nothing

Figure 3. Mesh generation of the built-in twisted tape hydrocyclone.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c02549
ACS Omega 2023, 8, 26301−26316

26304

https://pubs.acs.org/doi/10.1021/acsomega.3c02549?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02549?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02549?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02549?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the pipe wall has no slippage. The gravity is along the negative z-
axis, and the gravity is 9.81 m/s2. Adopt SIMPLEC-based
velocity-pressure coupling algorithm. Momentum and turbulent
dissipation rates are both in a second-order upwind discrete
format. The convergence accuracy is set to 10−5, the time step is
0.00125 s, and the calculation is stopped when the convergence
accuracy requirements are met.

2.3.4. Initial Conditions. According to the actual situation,
refer to the operating conditions of solid-state fluidized mining
of hydrate in deep water and shallow layers.26 The flowing
medium is determined to be seawater, natural gas hydrate, and
silt, and the multiphase flow model is used to simulate the
movement of the gas hydrate silt-sand mixed slurry in the
hydrocyclone. The gas hydrate particle size is 60 μm solid
particles, and the mud sand particle size is 90 μm solid particles.
Table 2 shows themedium parameters of gas hydratemud−sand
mixed slurry.

2.4. Mathematical Model. 2.4.1. Governing Equation.
Since the volume ratio of the particle phase is greater than 10%,
the discrete phase of the particle phase can be regarded as a
continuous phase. The multiphase flow model adopts the Euler-
Eulerian two-fluidmodel. The governing equations for the liquid
phase include the momentum equation and the continuity
equation, respectively. The formulae 1 and 2 are shown in ref 27

+ · =v
t

( )
( ) 0i i

i i i (1)

+ · = + · + +
v

v v
t

p g M
( )

( )i i i
i i i i i i i i i

(2)

where i is the water phase or hydrate particle phase; ρ is the
density, kg/m3; v is the velocity vector, m/s; p is the pressure, Pa;
τi is the stress tensor, Pa; and Mi is the interphase momentum
exchange term, kg/(m·s)2. In the interaction between the fluid
and the solid in the simulation study, momentum exchange
occurs. When the momentum Mi exchange occurs, the
interphase drag force Mdi and the turbulent diffusion force Mti
are taken into account in the momentum exchange, and ti
establishes the interphase force model to closed multiphase flow
model, such as formula 3.

= + =
i
k
jjjjj

y
{
zzzzzvM M M ki di ti ls r

t

m s d
l

(3)

where vr is the relative velocity between phases, m/s; μt is the
turbulent viscosity, kg/(m·s); ρm is the density of the mixed
phase; σd is the diffusion coefficient; αs is the volume fraction of
hydrate particles; αl is the water phase volume fraction; and kls is
the momentum transfer coefficient. Since the hydrate slurry is
formed by mixing water and hydrate particles, the drag force has
a great influence on the crushing and aggregation of themedium.
For the case where the drag force is considered, the hydrate
particles are formed by water and hydrate particles, the model is
suitable for sparse phase flow with a volume fraction of the
secondary phase significantly lower than that of the main phase,
and the liquid−solid drag force adopts the Wen−Yu model,28

and kls is the momentum transfer coefficient.
2.4.2. Turbulence Equation of Motion. When the Reynolds

stress model needs to be used in the turbulence model, the
Reynolds stress equation of the RSM model29 (4) is as follows

+ = + +
t

u u
x

u u u D P( ) ( ) ij ij ij iji j
k

k i j
(4)

The right side of the equation is arranged in order as the stress
diffusion term, the stress generation term, the stress change
term, and the dissipation term. The change term in the third
term of the right equation is necessary, which can explain the
change process provided by the Reynolds stress.30 Due to the
strong rotating flow in the solid−liquid hydrocyclone, RSM is
used as the turbulent flow model in this paper. This model
eliminates the defect of turbulent viscosity isotropy in the eddy-
viscosity assumption and predicts the motion behavior of the
mud−sand hydrate mixed particle in the hydrocyclone more
effectively.

2.4.3. Group Balance Model. In the system of multiphase
flow, these discrete phases carry out material exchange and
transfer, resulting in nucleation, growth, fragmentation, and
aggregation. These particle groups are then represented by the
number density function.31 This paper assumes that the
generation and decomposition of hydrate particles are not
considered, and its population balance equation18 can be
expressed as formula 5. The population balance model was first
used to describe the dynamic balance of population and was
subsequently applied to the industrial field to describe the
particle size distribution of solid

Figure 4. Mesh generation of a short tape swirl generator in pipeline.

Table 2. Medium Parameters of Marine Gas Hydrate Slurry

material density/(kg/m3) density/[kg/(m·s)]
seawater 1025 0.0017
marine natural gas hydrate 650 1.30 × 10−5

loam 2600 1.72 × 10−5
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where n(L,t) is the number density of hydrate particles with
particle size L at time t, 1/m3; β(L − L′,L′) is the collision
frequency of L − L′ and L′ two hydrate particles, m3/s; a is the
merging efficiency of two hydrate particles after collision; S(L′)
is the L′ crushing frequency of hydrate particles, 1/s; and then,
b(L/L′) is the probability that hydrate particles with particle size
are generated after the hydrate particles with particle size are
broken.
In terms of collision frequency, hydrate-mixed particles are

formed by the polymerization of several crystals, such as hydrate,
and the fragmentation frequency proposed by Balakin32 is

= bv Rbre
2 5/3

(6)

where the crushing constant is

=b
Es

2/3

5/3 (7)

Where ρs is the particle density, E is the elastic modulus of the
particle, γ is the crystal interface energy, v is the collision velocity,
and R is the particle size before crushing. In terms of aggregation
efficiency, the fluctuation of the flow leads to the generation of
turbulence, and the turbulence then forms vortices. The vortices
cause turbulent dissipation, and the energy will be transferred
from large eddies to small eddies. The smallest vortex size is the

Kolmogorov scale, and its function expression is =l
3

. Where ν
is the dynamic viscosity, and ε is the turbulent dissipation rate.
Second, the shear force generated by the vortices in the region
has the main influence on the aggregation of hydrates. In terms
of shear collision frequency, when the hydrate particles are
smaller than the Kolmogorov scale, they are in the turbulent
dissipation region, and the aggregation frequency of hydrate
particles is affected by the local shear stress in the vortex. Based
on Clarke et al.,33 the collision frequency is defined as

=
+L L8

15

( )

8
i j

agg v

3

(8)

where τv is the local absolute velocity gradient of the flow field.
When the hydrate particles are larger than the Kolmogorov

scale, they are in the inertial movement zone and move under
the traction of the mainstream field. In this case, the collision
frequency can be calculated by the formula proposed by Zhao,34

as shown in 9
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where ui2 is the square of the average velocity of the particle.
Since hydrate is a secondary phase in Euler’s two-fluid model,

accounting for a small proportion, the liquid bridging force
between hydrate particles can be neglected, and its coalesce
efficiency is mainly van derWaals force and flow shear force. The
coalesce calculation formula35 is shown in 10
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The deformation rate is = ( )4
15

0.5
, where H is the

Hamaker constant characterizing the van der Waals force, R′ is
the radius of 0.5 after particle collisions have changed, k is the
empirical constant 0.732, and μ is kinematic viscosity.
The capture technology of particle size after crushing is

relatively complicated, and there is no way to obtain a very
precise particle size distribution by certain means. In the case
where the particles have a small particle distribution after
crushing, only the case of crushing is considered. There are
usually three sub-particle distribution functions (binary
distribution, ternary distribution, and Gaussian distribution)
to simplify the description of sub-particle distribution. The
binary distribution is to break the large particle hydrate into two
equal small hydrate particles, and the expression is
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The ternary distribution is to break the large particle hydrate
into 1 small particle and 2 smaller hydrate particles, which is
expressed as
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Gaussian distribution is a probability density function. Some
researchers have shown that there is no significant difference in
the distribution functions of the three sub-particles, so from the
point of view of computational efficiency, the binary distribution
is the most suitable. The key parameters are set in the above
formula.

2.4.4. Model Verification. The experimental study of Wang36

shows that when the critical concentration of hydrate is 35% and
the critical velocity is 2 m/s, a large range of blockages will be
caused in the pipeline during the transportation of hydrate. In
order to study whether the pipeline spiral flow can improve the
transportation capacity of hydrate in the high-concentration
transportation process, the maximum concentration (30%) of
hydrate in the initial concentration can be used for a numerical
simulation study, and the conveying capacity of the pipeline
spiral flow can be compared by the change of concentration and
flow rate. In order to facilitate comparison with relevant
experimental data, experimental conditions with relevant pipe
spiral flow pressure drop characteristics were adopted in the
simulation conditions, and specific parameters of the simulation
conditions are shown in Table 3.
Based on relevant experiments,37 the measured pressure drop

was compared with the simulated pressure drop. Figure 5 shows
the comparison curves of experimental values and numerical
values under different conditions. Working conditions 1−3 are
the flow pressure drop in the hydrate pipe with high
concentration, although there are some errors; working
conditions 4−8 are the normal straight pipe flow and no
hydration flow; the ratio error between the numerical calculation
and the experimental data is small; and the trend of change
between the experimental value and the numerical simulation
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value is consistent and in good agreement, indicating that this
method can simulate the hydrate slurry flow in the spiral pipe.
The hydrate particle size can be described by the simulation
method. It provides a theoretical basis for explaining the
influence of particle size on hydrate concentration distribution.

3. RESULTS AND DISCUSSION
3.1. Stable Time of the Flow Field in the Hydrocyclone.

3.1.1. Particle Agglomeration Stable Time. After the hydro-
cyclone runs stably, the hydrate particle size does not change
much in the hydrocyclone, and it can be considered that the flow
field in the hydrocyclone has reached a stable state. In the
hydrocyclone, the agglomeration behavior of the particles is
caused by the mutual movement of the particles. The particle
momentum determines the collision frequency, and the particles
bounce or coalesce after collision and cause agglomeration. The
main reason for the change of particle size is the two different
agglomeration methods: dynamic agglomeration and turbulent
agglomeration. The reasons for the formation of the two
agglomeration methods are the dynamic agglomeration formed
by the different sedimentation rates of different particles in the
hydrocyclone and the turbulent agglomeration of the particles
due to the inertia difference under the action of the turbulent
flow in the flow field in the hydrocyclone. Turbulent

agglomeration has a great influence on the separation of
particles in hydrocyclones. The change of hydrate particles in the
hydrocyclone is shown in Figure 6. Before 2.5 s, the size of
hydrate particles changes greatly, which is due to the turbulent
agglomeration of hydrate particles at the beginning. During
centrifugal separation, the aggregation frequency of hydrate
particles also increases. It can be seen from the figure that the
mixed particles of mud−sand hydrate that have just entered the
hydrocyclone have small hydrate particles, and the particles
continue to swirl during the hydrocyclone process. At this time,
the turbulent aggregation efficiency is improved, and the particle
size of hydrate particles increases rapidly at 0−1.5 s. After
reaching agglomeration equilibrium after 2.5 s, the hydrate
particles reach dynamic equilibrium and do not aggregate. At
this time, the hydrate particles begin to undergo dynamic
agglomeration. Due to the sedimentation or floating of hydrate
particles of different densities, the particle size is in dynamic
equilibrium. To maintain a certain particle size and number of
particles, the hydrate particles are drawn into the inner swirl
zone and discharged from the overflow port, and the sand
settling port discharges heavier mud sand particles or some
incompletely separated mixed particles.
The average particle size of hydrate is basically unchanged at

about 2.5 s, and the particle aggregation in the hydrocyclone has
reached a dynamic equilibrium at this time, indicating that the
stable operation time of the hydrocyclone has been reached.
After entering the stabilization time, the existence of the built-in
twisted tape makes the formation of hydrate particle size stable,
and the fluctuation range is small. It can be seen from the figure
that after entering the stable operation time, the particle size of
hydrate particles in the built-in twisted tape hydrocyclone is
larger than that of the basic hydrocyclone, indicating that the
hydrate particles in the built-in twisted tape hydrocyclone’s
agglomeration behavior in the internal flow field is relatively
violent, and the degree of particle aggregation is also high;
second, when the number of hydrate particles is constant, the
size of the hydrate particles in the built-in twisted tape
hydrocyclone increases significantly, which may be due to the
hydration carried in the mud sand. The collision between the
material particles and the twisted tape causes the kinetic energy
of the particles to be lost, part of the hydrate particles stuck in the

Table 3. Simulated Condition Parameter Table

working
condition

velocity V0
(m/s)

hydrate volume
fraction α (%)

with or without
twisted tape

case 1 1.5 30 yes
case 2 2.0 30 yes
case 3 3.0 30 yes
case 4 1.5 30 no
case 5 2.0 30 no
case 6 3.0 30 no
case 7 2.0 0 no
case 8 2.0 0 yes
case 9 2.0 10 yes
case 10 2.0 15 yes
case 11 2.0 20 yes
case 12 2.0 25 yes

Figure 5. Pressure drop curve under different working conditions.
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mud and sand are peeled off, the number of particles increases,
and more hydrate particles aggregate to form large-sized
hydrates, so in the built-in twisted tape hydrocyclone, the
average particle size of the inner particles is larger than that of the
basic hydrocyclone.

3.1.2. Particle Agglomeration in Hydrocyclones. From
Figure 7, we can see more clearly the distribution of hydrate
particles in the hydrocyclone with or without the built-in twisted
tape after the agglomeration behavior occurs. In the internal flow
field, the volume ratio of large-particle hydrate without built-in
twisted tape is significantly lower than that of the built-in twisted
tape hydrocyclone. On the one hand, during the continuous
collision between the hydrate-carrying sediment particles and
the built-in twisted tape, the hydrates adhered to the sediment
can be separated from it; at the same time, the hydrate particles

colliding with the twisted tape are broken, so that the particle
size and density are both broken. It is easier to be involved in the
inner swirl zone. On the other hand, the built-in twisted tape
improves the strength of the swirling flow and enhances the
aggregation ability of the hydrate particles. The hydrate particles
dispersed in the seawater quickly accumulate in the center of the
hydrocyclone due to the enhancement of the internal swirling
flow and the improvement of the aggregation ability. The
formation of large-particle hydrates is beneficial to increasing the
volume ratio of large-particle hydrates in the center of the
hydrocyclone. From the cloudmap of the concentration of large-
particle hydrates from the grit chamber to the overflow port, it
can be seen that the large-particle hydrates tend to accumulate in
the center of the swirl, and their number concentration is much
higher than that of conventional hydrates. The range of particle

Figure 6. Average particle size versus time curve.

Figure 7. Cloud map of hydrate particle distribution.
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hydrates aggregated in the center. The above factors are all
conducive to the discharge of hydrate particles in the overflow
and to improving the separation efficiency of mud and sand.

3.1.3. Particle Concentration Distribution when Stable. As
shown in Figure 8 above, the distribution of hydrate particles in
the hydrocyclone after the particle agglomeration degree is
stabilized. In the basic hydrocyclone, the stabilized hydrate
particles are mainly distributed in the overflow port, but some
hydrate particles are also distributed in the short-circuit flow
area, which causes the hydrate particles to be unable to be
discharged from the overflow port in time; the “tail swing”
phenomenon occurs in the cone section at the lower end of the
hydrocyclone, which will cause the mud and sand particles to

entrain hydrate particles again, both of which are not conducive
to the improvement of the separation efficiency. In the built-in
twisted tape hydrocyclone, the hydrate particles are mainly
concentrated near the overflow port of the inner hydrocyclone
zone. The built-in twisted tape enhances the aggregation ability
of hydrate particles, and at the same time, the hydrate
distribution concentration on the wall of the lower cone section
is enhanced. The hydrate accumulation degree is high from the
upper part of the built-in twisted tape to the overflow outlet, the
hydrate is stably distributed in the inner hydrocyclone region,
and the hydrate particle concentration is distributed in an
“inverted cone” shape in the hydrocyclone. The high degree of
hydrate aggregation in the inner swirl region and the absence of

Figure 8. Cloud pattern of agglomeration and stable hydrate concentration distribution in a hydrocyclone.

Figure 9. Curve of particle number density versus time.
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secondary eddy currents caused by the phenomenon of “swing
tail” are all beneficial to the improvement of the separation
efficiency of mud and sand particles by the built-in twisted tape
hydrocyclone.
3.2. Effect of Concentration on Separation Efficiency.

In the built-in twisted tape hydrocyclone, changing the initial
concentration of hydrate has an impact on the particle
aggregation behavior. According to the different initial hydrate
concentration conditions of working conditions 1−8, the

influence of the hydrate particle agglomeration behavior and
concentration distribution on the separation efficiency of the
built-in twisted tape hydrocyclone was explained, and the results
were compared with those of the basic hydrocyclone.

3.2.1. Particle Agglomeration Stable Time. Figure 9 shows
the variation law of the number and concentration of hydrate
particles with time. From 0.5 to 2 s, the number of hydrate
particles increases sharply, mainly from the continuous
separation of hydrate particles from mud and sand and the

Figure 10. Cloud map of hydrate particle distribution at different initial concentrations.
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occurrence of hydrate particles. The agglomeration of the built-
in twisted tape hydrocyclone and the base hydrocyclone
significantly increased the number of particles. The number of
hydrate particles with built-in twisted tape hydrocyclones
increases with the increase of initial hydrate concentration in
working conditions 1−4. Under the same initial concentration
conditions, comparing the number of hydrate particles in
conditions 4 and 8, the number of particles in the built-in twisted
tape hydrocyclone is significantly higher than that in the basic
hydrocyclone, which is the main reason for this phenomenon.
The reason is that the built-in twisted tape enhances the swirl
strength and increases the tangential velocity, the hydrate
particles stuck in the mud and sand are hit by the built-in twisted
tape, and the hydrate and the mud−sand particles are more fully
separated; second, the built-in twisted tape enhances the internal
flow field. It reduces the secondary eddy current in the cone
section and avoids the “secondary mixing” of hydrate particles
and mud sand particles. The high degree of aggregation of
hydrate particles and the large number of hydrate particles are
beneficial to the improvement of hydrate separation efficiency.
After entering the stable operation state of the hydrocyclone for
2.5 s, the fluctuation range of the particle number of the built-in
twisted tape hydrocyclone is smaller than that of the basic
hydrocyclone, which can further illustrate that the built-in
twisted tape helps to improve the flow field in the hydrocyclone
and the stabilization of particles after agglomeration.

3.2.2. Hydrate Particle Concentration Distribution. After
the hydrocyclone runs stably, it can be seen from the cloud
diagram of the concentration distribution of hydrate particles in
Figure 10 that in the conventional hydrocyclone, the hydrate
particles increase with the concentration, and the hydrate
accumulated in the short-circuit flow area the concentration also
increases, and it is difficult for the hydrate particles to be
involved in the inner swirling flow area. At this time, a large
amount of hydrate deposited in the short-circuit flow area
cannot be removed in time, which will cause it to mix with the
mud sand particles, resulting in the hydrocyclone on the mud
sand separation efficiency. For the built-in twisted tape
hydrocyclone, the twisted tape increases the aggregation ability
and swirl strength of hydrate so that the hydrate particles are
drawn into the inner swirl zone, showing that the hydrate

particles mainly gather in the overflow. Near the mouth and the
location of the internal swirl zone. With the increase of the initial
hydrate concentration in the built-in twisted tape hydrocyclone,
the contact between the hydrate particles becomes more
frequent, and the turbulent agglomeration of the hydrate
particles in the hydrocyclone will further aggravate the
agglomeration between the hydrate particles. After a large
amount of hydrate agglomeration, the particle size of the hydrate
increases, and the specific gravity also increases, and at this time,
it is enhanced by the tangential velocity of the built-in twisted
tape. After the agglomeration is formed, the centrifugal radius of
the large-particle hydrate will increase, and the hydrate particles
are thrown to the wall, resulting in a high hydrate concentration
distribution at the wall. It can be seen from the cloud map that
the concentration of hydrate particles is in the range of 10−20%,
the aggregation effect of hydrate particles in the inner swirl zone
is better, and it is not easy to be thrown to the wall of the
hydrocyclone. It is beneficial to the improvement of the
separation efficiency of mud and sand by the hydrocyclone.

3.2.3. Separation Efficiency. As shown in Figure 11, under
different hydrate concentrations, the comparison curves of the
mud−sand separation efficiency between the built-in twisted
tape and the conventional hydrocyclone were obtained. It can be
seen from the figure that when the initial hydrate concentration
of the two hydrocyclones is 15%, the separation efficiency of
mud and sand is the highest, and the separation efficiency
decreases as the concentration increases. When the hydrate inlet
concentration is too high, the volume proportion of hydrate
particles also increases, the number of hydrate particles
increases, and the hydrate particles are more likely to float in
the short-circuit flow area. In the conventional hydrocyclone,
the concentration of hydrate particles is too high, the centrifugal
force generated at a certain tangential velocity is not enough to
separate the hydrate particles from the mud sand, and it is
difficult for the hydrate particles to be directly involved in the
inner swirl zone, which intensifies the hydration. Then, the
hydrate is carried by themud and settled to the sand settling port
for discharge, which reduces the separation efficiency of mud
and sand. However, when the initial concentration of hydrate is
relatively high, the built-in twisted zone has the characteristics of
enhancing the swirling flow and preventing the direct settlement

Figure 11. Effect of initial hydrate concentration on separation efficiency.
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of mud and sand. When the inlet flow rate is the same as that of
the basic hydrocyclone, the swirl direction of the built-in twisted
tape is the same as that of the hydrocyclone, which can increase
the tangential velocity of the internal flow field and increase the
centrifugal force; the twisted tape is prevented, and the mixed
particles of hydrate, mud, and sand that are not completely
separated can be prevented from being directly discharged and
settled from the sand chamber. The kinetic energy makes the
hydrate particles separate from it, and due to the action of
buoyancy, the hydrate re-enters the inner swirling flow area, and
the separation efficiency of mud and sand is improved. As the
initial concentration increases, the separation efficiency of the
built-in twisted tape hydrocyclone is still higher than that of the
basic hydrocyclone.
3.3. Effect of Speed on Separation Efficiency.

3.3.1. Particle Agglomeration Behavior. As shown in Figure
12, with the increase of the inlet flow velocity, the stable time of
particle aggregation in the hydrocyclone is earlier, indicating that
the inlet flow velocity increases, the turbulence intensity
increases, the aggregation effect of turbulence is aggravated,
the hydrate particles increase with the flow velocity, and reunion
quickens. It can be seen from Figure 12 that the slope of the
hydrate particle number concentration curve of the basic
hydrocyclone is relatively large in working conditions 15−20,
and the hydrate particle number rises faster at this time,
indicating that the hydrate particles are in the conventional
hydraulic system. Due to the increase of the flow velocity in the
hydrocyclone, the turbulent effect is more severe, the number of
hydrate particles increases significantly at this time, and the
earlier the stabilization time of the hydrocyclone is. However,
with the passage of time, the number of hydrate particles shows a
downward trend, and the number of particles fluctuates
repeatedly. At this time, the reason for the decrease and
fluctuation of the number of particles may be due to the
formation of secondary eddy currents in the cone section of the
hydrocyclone, which makes the hydrate particles and the mud
sand. Particle blending, the hydrate particles entrained by the
mud and sand particles are discharged from the sand settling
port, thus reducing the number density of hydrate particles. The
faster the flow rate, the more serious the mixing of mud, sand,
and hydrate, and the greater the decrease in the number of

hydrate particles. Therefore, the increase of the flow rate causes
the instability of the flow field in the basic hydrocyclone. The
built-in twisted tape can alleviate the fluctuation of the flow field
in the hydrocyclone caused by the change of the flow rate. It can
be seen from Figures 9 and 10 that the number density of the
particles in the built-in twisted tape hydrocyclone increases
slowly, the flow rate has little effect on the particle density, and
the particle number density shows a steady upward trend with
time. It shows that the built-in twisted tape hydrocyclone can
enhance the stability of the internal flow field. After 2.5 s, the
built-in twisted tape hydrocyclone entered a stable operation
state, and at the same time, the number density of hydrate
particles showed an upward trend, which indicates that the built-
in twisted tape separated a small amount of hydrate particles
carried in mud and sand for a second time, which improved the
hydration rate. The number of solid particles, the stable flow
field, and the increase in the number of hydrate particles are
beneficial to the improvement of the separation efficiency of
mud and sand.
It can be seen from Figure 13 that when the 2.5 s operating

condition reaches stability, under the same operating conditions

Figure 12. Curve of particle number density versus time.

Figure 13. Hydrate particle size proportion at different inlet velocities.
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Figure 14. Cloud map of hydrate particle distribution at different inlet velocities.
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of the two hydrocyclones, the change of the inlet flow rate has a
more obvious effect on the particle size of the hydrate particles
after agglomeration in the built-in twisted tape hydrocyclone.
The inlet velocity leads to the accelerated movement of the
particles to be separated, and the turbulent effect of the particles
in the flow field is intensified. In addition, the flow field in the
built-in twisted tape hydrocyclone is stable, and the higher the
degree of particle aggregation, the larger the volume of large
particles of hydrate. On the other hand, the basic hydrocyclone
has severe fluctuations in the flow field due to the increase of the
flow rate, the shear force on the hydrate particles increases at this
time, and it is difficult to form large hydrate particles, so the
particle size of the hydrate particles is small.
As shown in Figure 10, when the inlet flow rate is 5−10 m/s,

the corresponding particle size ratio curves are obtained. It can
be seen from the figure that the particle size accounts for the
largest proportion when the particle size is 0.9 mm. The
proportion of the particle size in the range of 0.15−0.45 mm is
the lowest, indicating that the particles in the hydrate particle
hydrocyclone are agglomerated due to the hydrocyclone,
showing a trend of increasing particle size. Comparing the
proportion of hydrates with amaximum particle size of 0.95mm,
it can be found that the larger the flow rate in the conventional
hydrocyclone, the lower the proportion of large particles of
hydrate decreases, while in the built-in twisted tape hydro-
cyclone, the greater the flow rate, the higher the proportion of
large particle hydrates. It shows that with the increase of the flow
velocity in the conventional hydrocyclone, the internal flow field
fluctuates more violently. At this time, the shear force on the
hydrate particles also increases, and the particle crushing energy
is greater than the aggregation capacity. The twisted ribbon
enhances the stability of the flow field in the hydrocyclone. The
increase of the flow velocity increases the contact frequency of
the hydrate particles, the turbulent coalescence effect is strong,
and the aggregation capacity of the hydrate particles is greater
than the breaking capacity, so at high flow velocity, the 0.95 mm
large particle hydrate is in the built-in twisted tape hydrocyclone.
The large proportion of large-particle hydrate is beneficial to the
aggregation of hydrate particles in the inner hydrocyclone zone
and the improvement of mud−sand separation efficiency.
Although the proportion of large-particle hydrate in the built-

in twisted tape hydrocyclone is significantly higher than that in
the basic hydrocyclone, the change in flow rate has little effect on
the proportion of large-grained hydrate in the built-in twisted
tape hydrocyclone.

3.3.2. Hydrate Particle Concentration Distribution. After
the hydrocyclone runs stably, the distribution of hydrate
particles in the hydrocyclone at different flow rates needs
understanding. As shown in Figure 14, when the inlet flow rate is
5−6 m/s, the centrifugal force generated by the hydrate in the
basic hydrocyclone is too small, and when the hydrate particles
are not completely separated from the mud and sand, the
hydrate particles will not be completely separated. The
concentration in the hydrocyclone is low; in addition, the
tangential velocity generated by the low inlet flow rate is very
small, which is not enough to directly entrain the hydrate
particles into the inner hydrocyclone zone, and the hydrate
particles are subjected to buoyancy and float and deposit in the
overflow the nozzle, the short-circuit flow area, and the internal
swirl area cannot make the hydrate particles gather as soon as
possible. These two factors are not conducive to the improve-
ment of the separation efficiency of mud and sand. For the built-
in twisted tape hydrocyclone, due to the existence of twisted
tapes, some of the mixed particles of mud−sand hydrate that are
not completely separated swirly descend along the wall of the
twisted tape and at the same time increase the collision
frequency of hydrate and sand particles on the wall of the twisted
tape, forcing the hydrate particles to separate from the crushed
mud and sand, and the hydrate concentration in the inner swirl
zone increases. As the inlet flow rate increases, the twisted tape
rotation is the same as that of the hydrocyclone, and the swirl
strength increases, forcing more hydrate particles stuck in the
mud and sand to be separated out for the second time. The flow
rate increases, and with the built-in twisted tape hydrocyclone,
the hydrate particle concentration in the flow vessel also
increases. However, if the flow velocity increases toomuch, most
of the agglomerated hydrate particles are distributed in the inner
swirl zone in the center of the built-in twisted tape, and the other
part is thrown to the outer swirl zone due to the increase of the
tangential velocity. The more particles, the more the inlet flow
rate continues to increase at this time, which is not conducive to
the improvement of the separation efficiency of mud and sand.

Figure 15. Separation efficiency curves at different inlet velocities.
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Compared with the basic hydrocyclone, the hydrate particles in
the built-in twisted tape hydrocyclone are easier to gather in the
inner hydrocyclone area at low flow rates and will not
accumulate in the short-circuit flow area. At an inlet flow rate
of 6−8 m/s, the distribution effect of hydrate particles in the
hydrocyclone is the best, and this flow rate is conducive to the
improvement of the mud−sand separation efficiency of the
built-in twisted tape hydrocyclone.

3.3.3. Separation Efficiency. According to the calculation
results of the separation efficiency, when the hydrate
concentration is 15%, the separation efficiency is the highest,
so 15% is selected as the initial concentration of the
hydrocyclone, and the optimal pairing of the hydrocyclone is
studied by changing the flow rate of the feed port. As shown in
the separation efficiency curves of different velocities in Figure
15, when the flow velocity is greater than 8 m/s, increasing the
flow velocity cannot significantly improve the silt separation
efficiency of the hydrocyclone. Through the analysis of the
hydrate particle number and concentration distribution, it can
be found that increasing the flow rate makes it easier to strip the
hydrate particles stuck in the mud sand, increase the number of
hydrate particles, and accelerate the sedimentation of the mud
sand. However, with the increase of the swirl intensity, the
particle aggregation degree increases, and the large particles of
hydrate will be thrown into the short-circuit flow area or the
outer swirl area. Separation efficiency. In conclusion, under the
premise of ensuring separation efficiency and safe operation, 8
m/s was selected as the inlet flow rate of the built-in twisted tape
hydrocyclone.

4. CONCLUSIONS

(1) The sand removal effect of the built-in twisted tape
hydrocyclone is better than that of a basic hydrocyclone.
The built-in twisted tape not only eliminates the
obstruction of the air column to the discharge of mud
and sand from the sand chamber, but it also can enhance
the swirl strength and improve the resistance to mud and
sand. At the same time, the stability of the swirl flow is
enhanced. After the incompletely separated natural gas
hydrate mud sand particles collide with the twisted tape,
the kinetic energy of the particles is lost, and it can force
the hydrate to be stripped from the mud sand particles.
After the transformation, the incompletely separated
particles re-entered the outer hydrocyclone area for
secondary separation, and they can form a peak of hydrate
content at the overflow outlet, while the basic hydro-
cyclone fails to show a large number of hydrate particles
aggregated at the overflow outlet. The phenomenon
shows that the built-in twisted tape helps improve
separation efficiency.

(2) With the increase of the initial concentration of hydrate,
the number of hydrate particles in the built-in twisted tape
hydrocyclone increases, and the contact frequency
between hydrate particles will increase, which can
intensify the aggregation of hydrate and increase the
particle size of hydrate. The tangential velocity increases
after the built-in twisted tape enhances the swirl flow, and
the hydrate particles are thrown into the outer swirl zone.
Considering the above factors, the optimum concen-
tration condition is that the volume of mud and sand
accounts for 25%, and the initial concentration of hydrate
is 15%.

(3) When the initial concentration of hydrate particles is 15%,
the inlet flow velocity improves the separation efficiency
of the hydrocyclone.When the inlet velocity is higher than
8 m/s, the improvement of the separation efficiency is no
longer obvious. The hydrocyclone increases when the
inlet flow increases, and the time of stable operation of the
hydrocyclone is also earlier. Excessive inlet flow will
inevitably lead to an unstable flow field inside the
hydrocyclone. The built-in twisted tape will form a buffer
against sudden flow velocity changes and enhance the
stability of the internal flow field. If the centrifugal force
required for separation cannot be achieved, the tangential
velocity formed by the too low flow rate. The unseparated
hydrate particles will be carried by the mud and sand and
will directly settle. The strength of the swirl flow makes
the stripped hydrate more likely to be involved in the
inner swirl zone, which improves the separation efficiency
of mud and sand. When the two factors of operation
stability and separation efficiency are considered, the inlet
flow rate of 8 m/s is finally selected.
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