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Abstract: Numerical simulation is used to carry out research on the swirl flow transportation of
a hydrate in the pipeline under the condition of the whole rotation of the twist tape using DPM
(discrete phase modeling) and RNG (renormalization group) k-¢. The influence of different twist
tape parameters on the swirl number and concentration distribution of hydrate particles is analyzed.
The structure parameters of the twist tape are optimized, based on the swirl efficiency evaluation
parameters of a gas-solid two-phase pipeline. Finally, the twist tape is compared with different
working conditions: the local rotation of twist tape and an ordinary pipeline. The results show
that the areas of a high concentration of particles are near the twist tapes, and the concentration
of particles on the leeward side of the twist tapes is higher than that on the windward side. The
minimum concentration area at the axial position gradually increases with the increase of the flow
distance, and the hydrate particles do not deposit at the bottom of the whole pipe section. The
placement angle of the twist tape is greater, and the particle concentration area near the twist tape
is also larger. The best placement angle is 25°. Under the condition of constant swirl strength, the
range of the high particle concentration area will not increase indefinitely, and it is constant when the
height of the twist tape is D/6 and the optimal height is D/6. There should not be too many twist
tapes, as this will affect the carrying effect. The optimal number of twist tapes is three. The particle
carrying distance of the local swirl flow generation is about double that of the ordinary pipe. The
particle carrying distance of the four twist tape pipes is 3.5 times greater than that of the ordinary
pipe. The particle carrying distance of the whole swirl flow generation is 6.6 times higher than that of
the ordinary pipe. The particle carrying effect is 89% higher than that of the four twist tape pipes.
The particle carrying effect is 230% higher than that of the local swirl flow generation. The particle
carrying effect is 560% higher than that of the ordinary pipe.

Keywords: swirl flow; twist tape; deposition; numerical simulation

1. Introduction

Pipeline transportation has always been the most important mode of oil and gas trans-
portation [1]. Its advantages are low cost, large transportation volume, high efficiency, and
great stability. The nature of the safety risk in oil and gas pipeline accidents involves great
harm and significant damage [2]. Moreover, the oil and gas pipeline operation runs under
pressure, works continuously, and covers a significant area and a diversified environment.
Once the pipeline is blocked and leaks, there will be very significant consequences [3].

Gudmundsson et al. [4-6] put forward Hydraflow technology and the cold flow
concept, the core idea of which is to allow or guide the formation of natural gas hydrate in
the pipeline and to keep the form of tiny grains flowing evenly and steadily along with the
fluid so as to avoid accidents in a gas transmission pipeline from hydrate accumulation
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and blockage and to ensure the safe flow of gas in the transmission pipeline. Wang’s
research group [7,8] put forward the swirl flow hydrate control technology based on the
flow characteristics of swirl flow to ensure the safe flow of hydrate slurry. This technology
has two advantages: (1) because the swirl flow can increase the shear stress of fluid, it is
difficult for hydrate particles to deposit and bond on the pipe wall, thus increasing the
transportation distance of the hydrate particles; (2) because the swirl flow can enhance the
speed of hydrate particles and the liquid bridge force between particles is destroyed, the
deposition of the hydrate particles is greatly reduced [9].

For a numerical simulation study, Zhou et al. [10] investigated the effect of swirl
diameter and swirl angle on flow conversion using the CLSVOF (coupled level-set and
volume of fluid) method. Wang et al. [11] studied the gas-liquid two-phase swirl flow
pattern transformation law. The swirl generation used was the impeller. The author
analyzed the effect of different impeller areas and the angle convection on the flow pattern.
Dai et al. [12] investigated the gas-liquid two-phase swirl flow pattern in a horizontal pipe.
The liquid phase involved the addition of SDBS (sodium dodecyl benzene sulfonate). It
was found that SDBS can change the conversion boundary of the swirl annular flow. Cai
et al. [13] studied the flow pattern map. The author compared this with the title vertical
pipeline flow pattern and found that the swirl annular flow region increases when the
intermittent flow region decreases. Liu et al. [14] studied the flow characteristics of the slug
flow in a horizontal pipe. The pipe was a rectangular-section swirl channel. Liu et al. [15]
investigated the gas-liquid two-phase flow pattern using the RSM and VOF models. It
was found that bubble flow, stratified flow, wavy flow, slug flow, and annular flow can
be simulated.

For an experimental study, Cui et al. [16] used R134a as the working fluid to experimen-
tally study the boiling gas-liquid two-phase flow pattern and pressure drop characteristics
in the microfin swirl coil and obtained the layered wave flow, intermittent flow, and annu-
lar flow. With the steam flow as the abscissa and the mass flow of the two phases as the
ordinate, the flow pattern map is obtained. Subhashini and Nigam [17] studied the effect of
the gas-bearing rate on the flow pattern in swirl flow heat exchangers. The experiment ob-
tained the stratified flow, the slug flow, the plug flow, the wave flow, and the agitation flow.
Liu et al. [18] used high-speed flow visualization to experimentally study the gas—water
two-phase flow characteristics in a vertical swirl rectangular channel. The flow pattern
map of the swirl rectangular channel was obtained, and the evolution process of the flow
pattern at different positions of the swirl rectangular channel was expounded. Fabio and
Gerhardt [19] studied the gas-liquid two-phase flow with twist tape and obtained a total of
five types of flow patterns: stratified flow, intermittent flow, annular stratified flow, annular
flow, and plug flow. Wang et al. [20] studied the swirl flow characteristics in surfactant
systems. The effects of flow pattern, gas content, vane parameters, surfactant concentration,
and the flow rate on pressure drop were systematically investigated. Wang et al. [21-24]
also conducted exploratory research on gas-liquid two-phase flow patterns and studied the
flow pattern and flow pattern transition boundary of a gaslit-aided two-phase swirl flow
with a vane and twisted type. Liu et al. [25,26] investigated the axial development of air—
water annular flow with swirl in a vertical pipe. Liu et al. [27] studied the characteristics of
single-phase and gas-liquid two-phase swirl flows induced by short swirl ties. It was found
that the pitch of the swirl vortex decreases with the increase of the Reynolds number in a
single-phase flow, the axial velocity of the gas phase appears as two peaks in a gas-liquid
two-phase annular mist flow, and the distribution of the liquid phase is uneven along
the circumference. Cai et al. [28] studied the flow characteristics of hydrate slurry in the
long-twisted zone via numerical simulation and found that the vorticity had no attenuation
and increased with the decrease of the twist rate. The volume fraction of hydrate particles
is symmetrically distributed around the twisted band. Wang et al. [29,30] carried out a
comparative analysis of the effects of impellers with different sizes and rotation angles
on the gas-liquid two-phase flow and classified the flow patterns into six types. It was
found that the flow pattern had the greatest influence on the pressure drop. Liang et al. [31]



Processes 2023, 11, 1658

3 0f27

numerically simulated the gas—solid two-phase helical flow characteristics and heat transfer
law in a horizontal tube with twist tape. It was found that swirl flow particles have strong
carrying capacity, which can strengthen heat transfer among hydrate particles and prevent
safety accidents caused by hydrate blockage in natural gas pipelines. Hu et al. [32] set up a
pipeline test system and made a multi-guide vane local rotating device to study the effect
of polyacrylamide (PAM) on the flow characteristics of pipeline swirl flow. It was found
that after adding a small amount of PAM (100 mg/L), the velocity distribution of pipeline
swirl flow was 67% longer than that of clean water, and the solid conveying capacity of
pipeline swirl flow increased by 79.1%~91.5%.

However, at present, the research on swirl flow in pipelines mostly uses local twist
tape, such as short twist tape [33] and impellers [34], to generate swirl flow [35,36], which
attenuates quickly; therefore, many relays need to be installed for long-distance pipeline
applications. There is little research on the entire twist process. Therefore, in this paper, the
swirl flow is generated by the complete rotation of the twist tape, and the influence of the
twist tape parameters on the deposition characteristics of hydrate particles is studied, which
provides theoretical basis and technical guidance for the safe transportation of natural gas
hydrate by swirl flow.

2. Numerical Simulation Method
2.1. Physical Model
2.1.1. Geometric Model

Because the formation of natural gas hydrate needs to pass through a series of complex
physical and chemical processes, it does not exist directly in the pipeline. In this paper,
only the flow of hydrate is studied in the numerical simulation process, and the formation
of hydrate in the flow process is ignored, so it is assumed that hydrate particles have been
formed at the entrance of the pipeline. In numerical simulation, the shape of hydrate
particles is assumed to be a regular sphere with the same particle size, and the influence
of the wall thickness of the pipeline system on hydrate formation is ignored in numerical
simulation. The geometric model of diversion is shown in Figure 1. The horizontal pipe
has a diameter of D = 0.032 m and a length of L =2 m, and a twist tape is installed from
the entrance. The numerical simulation calculation adopts the X-Y-Z three-dimensional
rectangular coordinate system; the origin of the coordinate is set as the center of the entrance
face of the pipeline, and the flow direction is set as the positive direction of the Z-axis,
flowing from the left end to the right end of the pipeline.

Figure 1. Geometric model.

2.1.2. Boundary Conditions

Velocity-inlet is used as the boundary condition at the inlet of the pipeline, and
Reynolds numbers of 5000 and 20,000 are used as the velocity inlet conditions. The outlet
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boundary condition is set to outflow, and the wall boundary condition is set to a fixed

non-slip wall. The gravity direction is along the Y direction, and the acceleration of gravity
is 9.81 m/s.

2.1.3. Initial Conditions

The continuous phase fluid is natural gas, and the discrete phase is natural gas hydrate
particles, and their basic physical parameters are measured at 277 K. The natural gas density
is 0.77 kg/m3, and the dynamic viscosity is 1.1035 x 1075 Pa-s. The particle density of
hydrate is 915 kg/m?. In the simulation, data parameters are selected according to the
specific research content.

2.2. Grid Division

ICEM-CFD software is used to mesh the three-dimensional geometric model. The
entire pipe adopts unstructured mesh, and the edge and wall mesh of the twist tape
are encrypted. The thickness of the bottom layer is 0.2 mm, and 5 layers are encrypted
according to the ratio of 1.1. The line grid is set at the intersection of the diversion channel
and the wall, and the maximum size is 0.5 mm. Grid division results are shown in Figure 2.
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Figure 2. Mesh division.

2.3. Mathematical Model

The gas—solid two-phase flow simulation adopts the DPM (discrete phase model),
which is a multicomponent flow model based on the Euler-Lagrange method. In the
simulation calculation, the solid particles are regarded as discrete phase, while the fluid
is regarded as continuous phase. In the calculation, the continuous phase of the fluid is
calculated first, and the discrete phase added with particles is calculated again after it
is stable.

2.3.1. Control Equation

The continuity equation is [37]

oy
< +V =0 1
o + V{(pv) 1
The momentum equation is
. 9Tyx
Apw) 4 div(puw) = o 4 G 4 T 4 F,
%) 1 div(pvw) = 2 4 L;;y + % E+F ©)
Py . = T2 F]
(gtw) + div pww) = ag;z + aT; + ag;z -E£+F

where p is the gas density, kg/ m3; u, v and w are all velocities, m/s; P is static pressure, Pa;
Tjj is the viscous stress tensor, and t is time, s.
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2.3.2. Turbulent Motion Equation

Gas—solid simulation adopts the RNG k-¢ turbulence model because it is suitable for
complex shear flow with strong swirl. The transmission equation model of turbulence
kinetic energy and dissipation rate ¢ is

J J _ 9 P\ 9k _

5; (k) + E)ch(pku]) ~ ox; ((V + Uk) ax]) + Gk + Gy — pe (©)
0 0 0 He\ O €2 €
wQEV+&W@ﬂW'—a%<(V+QQ>a&>+ﬁcﬁk—PCkk+v6e+anGb (4)

Among;:

_ 1| n_sks_ fasig, g (O owm) _ R
Cl—max{0.43,n+5},n—88,5— 25”5”’5”_2<axi+ax]- ,yt—pcye 5)

where type p is the gas density, kg/m3; Gy and G, represent turbulence kinetic energy due
to average velocity gradient and buoyancy; C, and Cy, are turbulence model coefficients,
with Ci, = 1.42 and Cy, = 1.68; oy and o, are the turbulent Prandtl numbers of k and
g, 0 = 0¢ = 1.39; u and v are both velocities, m/s, and C, = 0.0845.

2.3.3. Discrete Phase Model Equation

The DPM obtains the particle motion equation by calculating the force exerted on
the particle, and the particle motion trajectory can be obtained by integrating the particle
motion equation of the DPM with time. Its motion trajectory equation is

dy (0p —
JZFD(u—up)—i-w—i-Fz (6)
dy Pp

where u is the fluid phase velocity, m/s; u,, is the particle velocity, m/s; g, is the component
of gravitational acceleration in z direction, m/ s2; p is the fluid density, kg/ m3; Pp is the
particle density, kg/ m3, and F, is the other forces on the particles (such as Brownian force,
additional mass force, Saffman lift force, etc.). The additional mass force only works when
the fluid density is greater than the particle density, so the additional mass force is not
considered because the particle density of hydrate in the pipe is much greater than that
of natural gas. Because there will be a velocity difference perpendicular to the movement
direction of particles when flowing, the Saffman lift force will be generated, so it is necessary
to consider the Saffman lift force.
Among them, Fp is defined as:

18y CpRe
Fp=—r5 =0 )
ppdp
Re is the relative Reynolds number, and its definition formula is as follows:
d _
Re — pap ‘ul’ u’ (8)
K
Type, dp is the particle diameter, m.
The drag coefficient Cp can be expressed as follows:
CD = a1 -+ Q + ai (9)

Re = Re

As the simulated Re value is 20,000, the values of A1, A2, and A3 are 0.5191, —16,625.5,
and 5,416,700, respectively.
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2.4. Calculation Method

With the popularization and performance improvement of computers and the devel-
opment of computational fluid dynamics, it is possible to investigate flow characteristics by
using numerical simulation technology after some reasonable simplification of engineering
problems. Compared with theoretical analysis and the calculation method, numerical
simulation technology can better meet the needs of complex engineering problems. Nu-
merical simulation usually uses CFD software to solve practical problems. The software
generally consists of three parts: pre-processing, data calculation, and post-processing.
Pre-processing is carried out to establish a physical model and then mesh, and the middle
part of the calculation is particularly important. Before operation, many parameters and
algorithm choices need to be set, among which the selection of algorithm can improve
the accuracy of simulation and calculation efficiency. Post-processing is carried out using
CFD-Post, Tecplot, Origin, and other post-processing software to analyze the calculated
date file to describe the calculated data intuitively.

In the calculation, the discrete phase model is selected, and the pressure-based implicit
solver is used for three-dimensional transient simulation [35,36]. When simulating the
discrete phase, the DPM is used as the particle motion model; the RNG k-¢ model is used
as the turbulence model; the SIMPLEC algorithm is used to calculate the pressure and
velocity, and the second-order format is used for the pressure. The particle velocity, mass
flow rate, and particle concentration are set at the inlet of the pipeline. In order to obtain
better calculation results, ¢, = 0.3~0.7, £76=05~0.7, & = ¢ = 0.4~0.6, and the absolute
value of calculation residual is defined as < 1x 107°.

Through the data obtained from the previous three-dimensional transient calculation,
you can observe some cloud images depicting pressure, velocity, and temperature in Fluent
to see the difference with the theoretical effect, or you can import the data into Tecplot
post-processing software to process the simulated content in detail.

2.5. Grid independence Verification

To reduce the influence of the number of grids on the calculation results and improve
the efficiency of simulation, grid independence verification is used to screen the number
of grids. The grids with the number of grids ranging from 2 x 10° to 2 x 10° are selected
for simulation under the same initial and boundary conditions. Compare the effects of
different grid numbers on the average axial velocity and tangential velocity in the tube, and
the results are shown in Figure 3. Through comparative analysis, it can be found that when
the number of grids is greater than 8 x 10°, the tangential velocity and axial velocity are
less affected by the number of grids. Therefore, a grid with a grid number of about 1 x 10°
is selected to ensure both high computational efficiency and high accuracy of results.

T T T T T T T 3.0 T T T T T T T T T
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g i : !
e 49 ] = 4 ]
E E
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Figure 3. Grid independence verification. (a) Graph of tangential velocity changing with grid.
(b) Diagram of axial velocity changing with grid.
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2.6. Model Feasibility Verification

Zhou Jiawei [37] studied the influence of coal particle size on the critical pick-up speed
in the swirl flow system by using the twist tape as the starting device and a self-improved
experimental device for measuring the critical speed of coal particles. Comparing Zhou's
experimental results with the simulation results (as shown in Figure 4), the feasibility of this
model can be verified to some extent. From the comparison between Zhou's experiment
and simulation results, it is found that the solid phase in Zhou's experiment is coal particles,
and there is a certain error between the results and the simulation results in this paper. The
tangential velocity simulation results are slightly larger than Zhou’s experimental results,
but the overall error is small, and the asymmetric distribution of tangential velocity in
numerical simulation in this paper is also consistent with the experimental results. The
error between the axial velocity simulation results and the experimental results is very
small and the data, especially the data at the axis, are basically consistent. Generally
speaking, the whole process of gas—solid two-phase swirl flow with twist tape can be
numerically simulated.
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Figure 4. Comparison of numerical simulation and experimental results. (a) Comparison diagram
of tangential velocity distribution along the diameter. (b) Comparison diagram of axial velocity
distribution along the diameter.

3. Results and Discussion
3.1. Working Condition Setting

In this chapter, firstly, the influence of flow twist tape parameters on the hydrate
particle settling law is studied and then compared with the influence of a local riser and

common pipeline. A total of 24 groups are simulated. The operating parameters are shown
in Table 1.

Table 1. Parameter table of simulated working conditions.

Working Initial Particle Particle Size Re Twist Tape Guide Number of Twist Tapening

Condition Concentration ao/% Dj/um Placement Angle 0 Heighth/m  Diversion Strips n Mode
1 8 10 20,000 10° D/6 3 Full rotation
2 8 10 20,000 15° D/6 3 Full rotation
3 8 10 20,000 20° D/6 3 Full rotation
4 8 10 20,000 25° D/6 3 Full rotation
5 8 10 20,000 25° D/5 3 Full rotation
6 8 10 20,000 25° D/6 3 Full rotation
7 8 10 20,000 25° D/8 3 Full rotation
8 8 10 20,000 25° D/10 3 Full rotation
9 8 10 20,000 25° D/6 3 Full rotation
10 8 10 20,000 25° D/6 4 Full rotation
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Table 1. Cont.
Working Initial Particle Particle Size Re Twist Tape Guide Number of Twist Tapening
Condition = Concentration ay/% Dy/um Placement Angle 0 Heighth/m  Diversion Strips n Mode
11 8 10 20,000 25° D/6 6 Full rotation
12 8 10 20,000 25° D/6 3 Full rotation
13 30 10 20,000 25° D/6 3 Full rotation
14 40 10 20,000 25° D/6 3 Full rotation
15 50 10 20,000 25° D/6 3 Full rotation
16 10 10 5000 25° D/6 3 Full rotation
17 12 10 5000 25° D/6 3 Full rotation
18 14 10 5000 25° D/6 3 Full rotation
19 16 10 5000 25° D/6 3 Full rotation
20 18 10 5000 25° D/6 3 Full rotation
21 20 10 5000 25° D/6 3 Full rotation
22 10 10 5000 25° D/6 3 Local rotation
23 10 10 5000 twist tape Local rotation
24 10 10 5000 — No rotation

3.2. Variation Law of Swirl Number

Swirl number s is a parameter representing the intensity of swirl flow, which is usually
defined by the circumferential velocity or rotational angular velocity. The formula of swirl
number s of swirl flow in a gas—solid two-phase pipeline is defined as follows:

R
b Uguardr

(10)
R fOR ug2rdr
where u, is the axial speed, m/s; ug is the tangential velocity, m/s; R is the pipe diameter,
m; R is the radial coordinate of the swirl pipe, and the turbulence disturbance (pulsation)
can be neglected; thus, the velocity is considered as the time average velocity.
Simplified:
2149
S=_— 11
3, (11)
As shown in Figure 5, there are two methods for obtaining radial swirl number.
Method A is the data of the vertical section of the twist tape at the end of the first lead
(close to the windward surface of the twist tape, but not the twist tape), and Method B is
the data of the horizontal section of the twist tape at the end of the first lead.

(a) (b)
Figure 5. Schematic diagram of radial tangent line. (a) Vertical section. (b) Horizontal section.

3.2.1. Influence of the Placing Angle of the Twist Tape on the Variation Law of
swirl Number

As shown in Figure 6, the influence of the placement angle of the twist tape on the
radial variation of swirl number under the condition of Re = 20,000 is shown. It can be
seen from the figure that the vertical radial swirl number is obviously higher on the side
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that passes through the twist tape than on the side that does not pass through the twist
tape, while the values on both sides of the horizontal radial swirl number are balanced.
In addition to this difference, the overall value of radial swirl number increases with the
increase of installation angle; its maximum value appears near the pipe wall, and the swirl
number at the pipe axis tends toward zero.
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Figure 6. Influence of the placement angle of twist tape on the radial variation of the swirl number.
(a) Vertical section. (b) Horizontal section.

As shown in Figure 7, the influence of the placement angle of the twist tape on the
variation of swirl number along the way under the condition of Re = 20,000 is shown. It
can be clearly seen from the figure that the swirl number of the twist tape is not constant
all the time but is divided into two parts, namely, the acceleration section and the stable
section. The curve of the stationary part of rotation is sinusoidal, and the larger the angle
of the twist tape, the larger the deviation and amplitude of the curve, and the faster the
fluctuation frequency. As can be seen from Figure 6, the larger the setting angle of the
twist tape is, the larger the radial distribution value of the swirl number is, so the offset
and amplitude of its sine function curve are also larger. As the lead of the 10-degree twist
tape (the distance that the twist tape rotates 360 degrees along the pipe wall) is 1.069 m/1,
that of the 15-degree twist tape is 0.703 m/r; that of the 20-degree twist tape is 0.517 m /T,
and that of the 25-degree twist tape is 0.404 m/r, as can be seen from Figure 7. Figure 8
shows the circumferential variation of the swirl number of a pipeline with a twist tape
setting angle of 25 degrees at a radius of 0.4D under the working condition of Re = 20,000.
It can be seen from the figure that the circumferential variation of the swirl number is
periodic, and it is 120 degrees, rotationally symmetrical about the center of the circle. The
swirl number is in the range from the windward side of the last twist tape to the leeward
side of the next twist tape, and the swirl number first increases and then decreases. At
the three positions of 30, 150, and 270 degrees (30 degrees from the windward side of the
twist tape, respectively), it can be found that the number of swirling flows in the lower
part of the pipeline is larger than that in the upper part. This is due to the conservation
of energy, the mutual transformation of kinetic energy, and gravitational potential energy,
and the number of swirling flow is converted by tangential velocity and axial velocity, so
the number of swirling flow along the twist tape fluctuates sinusoidally.
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Figure 7. Influence of the placing angle of the twist tape on the variation of swirl number along
the way.
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Figure 8. Circumferential change of swirl number of a twist tape pipe with the placement angle of
25° at a radius of 0.4 D.

3.2.2. Influence of the Height of Twist Tape on the Variation Law of Swirl Number

As shown in Figure 9, the influence of the height of the twist tape on the radial
variation of the swirl number under the condition of Re = 20,000 is shown. The vertical
radial swirl number on one side of the twist tape is obviously higher than that on the other
side of the twist tape, while the values on both sides of the horizontal radial swirl number
are balanced. In addition, the overall value of the radial swirl number increases with the
height of the twist tape. The maximum value appears in the range of 0.4-0.45 D and does
not vary greatly; the swirl number at the axis of the pipeline approaches zero. This shows
that the change of the height of the twist tape has little influence on the maximum value of
the radial swirl number and has a great influence only on the existing range of strong swirl
(the swirl number is greater than the half value of the swirl number on the same side). The
higher the height of the twist tape, the larger the range of strong swirl. That is, the higher
the height of the twist tape is, the slower the radial swirl number decays, and the maximum
swirl number is basically unchanged. Figure 10 shows the influence of the height of the
twist tape on the swirl number along the way under the condition of Re = 20,000. It can
be found that the higher the height of the twist tape, the greater the swirl number along
the way. In this part of the study, the height of the twist tape is the only variable, and the
setting angle of the twist tape is fixed, so the fluctuation frequency of the curve is the same.
However, when the height of the twist tape is D/10, the length of the rotating acceleration
section in the curve is longer than that of the other 3 twist tape pipelines. This is because
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the height of the twist tape is too short, and the twist tape cannot twist tape the main flow
area at the axis well, so the twist tape effect is low. Therefore, when the height of the twist
tape is D/10, the position of the initial swirl number in the curve is backward.
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Figure 9. Influence of the height of the twist tape on the radial variation of the swirl number.
(a) Vertical section. (b) Horizontal section.
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Figure 10. Influence of the height of twist tape on the variation of swirl number along the course.

3.2.3. Influence of the Number of Twist Tapes on the Variation Law of Swirl Number

Under the working condition of Re = 20,000, the circular point at the 0.4 D circumfer-
ence where the maximum swirl number appears is selected, and one point is selected every
10 degrees along the rotation direction. The point with 0 swirl number is the position of
the twist tape. Since the height of the twist tape is greater than 0.1 D, the selected point
is located inside the twist tape, so the swirl number is 0. The value results are shown in
Figure 11. From Figure 11, it can be found that the change of swirl number in the pipe is
not symmetrical around the X-axis or Y-axis but rotationally symmetrical around the center
of the circle at 360/n, which shows a periodic change from the windward side of the twist
tape to the leeward side of the next twist tape, which first increases and then decreases. The
lower the number of twist tapes, the faster the number of swirling flows between the two
plates decays. However, as shown in Figure 11, the number of swirls in the pipe withn =6
is too large; the distance between 2 flow guides is too short, and the effective flow area
on the cross section is too low, resulting in the overall swirl number in the pipe being too
low. Figure 12 shows the influence of the number of twist tapes on the swirl number along
the way under the condition of Re = 20,000. It can be seen from the figure that the more
twist tapes, the lower the swirl number along the way. In addition, in the curve of the swirl
number along the way of the pipes with four and six twist tapes, the acceleration section of
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the twist tape-off is obviously shorter than that of the pipes with three twist tapes. Because
of the large number of twist tapes, the twist tape-off is faster.
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Figure 11. Influence of the number of twist tapes at the circumferential position at radius of 0.4 D on
the change of the number of swirls. (a)n=3. (b)n=4. (c)n=6.
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Figure 12. Influence of the number of twist tapes on the change of swirl number along the way.

3.3. Distribution Law of Particle Volume Fraction
3.3.1. Influence of Placing Angle of Twist Tape on Particle Volume Fraction
Distribution Law

Figures 13-15 show the relationship between the placement angle of the flow twist
tape and the hydrate particle concentration in the pipe at the half-cycle or full-cycle cross
section positions near the reference surfaces of Z =10 D, 30 D, and 50 D under the working
condition of Re = 20,000. It can be seen from Figure 13 that the high-concentration areas
of particles are concentrated near three twist tapes, the concentration of particles on the
leeward side of the twist tape is higher than that on the windward side, and the minimum
concentration area at the axis position gradually becomes larger with the increase of the
flow distance. It shows that the swirl has a good particle carrying effect, and the particles
will not be deposited in the center of the tube bottom due to the influence of gravity. At
the setting angle, the concentration of particles on the windward side of the twist tape
in the pipe with = 25 degrees is higher than that in the other pipes with three different
angles. At this time, the swirl flow is large, and the centrifugal force of the swirl flow on
the particles is too large, so the particles are concentrated near the twist tape. However,
due to the shear stress provided by the strong swirl flow, the hydrate particles will not
deposit but will swirl forward close to the twist tape. Figure 16 shows the influence of the
vertical tangent twist tape placement angle on the radial distribution of hydrate particle
concentration at half-cycle or full-cycle positions near different reference surfaces under
the working condition of Re = 20,000. The abscissa is the concentration, and the ordinate is
the ratio of the distance between the detection point and the pipe axis and pipe diameter.
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Figure 13. Influence of the placing angle of the twist tape near the reference plane of 9 z = 10 d on the
concentration distribution of hydrate particles. (a) 8 = 10°. (b) 8 = 15°. (¢) 8 = 20°. (d) 6 = 25°.
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Figure 14. Effect of the placement angle of twist tape near datum plane of Z = 30 D on the distribution
of hydrate particle concentration. (a) § = 10°. (b) 6 = 15°. (c) 8 = 20°. (d) 6 = 25°.
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Figure 15. Effect of the placement angle of twist tape near datum plane of Z = 50 D on the distribution
of hydrate particle concentration. (a) = 10°. (b) 6 = 15°. (c) 8 = 20°. (d) 6 = 25°.
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Figure 16. Influence of placing angle of twist tape near different datum planes on vertical distribution
of hydrate particle concentration. (a) Z=10D. (b) Z=30D. (c) Z =50 D.
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From Figure 16, it can be seen that the concentration at the bottom of the pipe is
basically unchanged, there is no deposition phenomenon, and the concentration near
the twist tape at the top of the pipe is the highest. From the numerical value of particle
concentration, it can be seen that different placement angles have no obvious influence on
the maximum concentration near the twist tape. This shows that the particles only flow
together near the twist tape and do not accumulate and deposit or stick to the twist tape.

3.3.2. Influence of the Height of Twist Tape on the Distribution Law of Particle
Volume Fraction

Figures 17-19 show the flow twist tape height versus hydrate particle concentration at
Z =8D, 30 D, and 47 D sections under the condition of Re = 20,000. From the distribution
diagram, it can be seen that the high-concentration areas of particles are concentrated near
the three twist tapes, the concentration of particles on the leeward side of the twist tape
is higher than that on the windward side, and the minimum concentration area at the
axis position gradually becomes larger with the increase of the flow distance. It shows
that the swirl has a good particle carrying effect, and the particles will not be deposited
in the center of the tube bottom due to the influence of gravity. Comparing the hydrate
accumulation areas near the four twist tapes of different heights, it can be found that for
the flow bar pipeline from h = D/10 to h = D/6, the particle accumulation area increases
with the increase of the height of the twist tape, and a quarter of the blank section appears
at the upper end of the twist tape with h = D/5. This shows that under the premise of the
same swirl flow intensity, the range of particle aggregation area has a constant value, which
will not increase indefinitely with the increase of the length of the twist tape. Figure 20
shows the influence of the height of flow twist tapes at different cross sections on the radial
distribution of hydrate particle concentration under the working condition of Re = 20,000.
The abscissa is the concentration, and the ordinate is the ratio of the distance between the
detection point and the pipe axis and pipe diameter. It can be seen from the figure that the
concentration at the bottom of the pipe is basically unchanged and there is no deposition
phenomenon. The concentration near the twist tape at the upper end of the pipe is the
highest. From the numerical value of particle concentration, it can be observed that the
axial concentration of the twist tape with h = D/6 is the lowest, indicating that the swirl
flow of particles in the pipe with h = D/6 has the best particle carrying effect.

(@) (c) (d)

Figure 17. Influence of the height of twist tape on hydrate particle concentration distribution at
Z =8 D section. (a)h=D/5. (b) h=D/6. (c) h=D/8. (d) h=D/10.

(a) (b) (0 (d)

Figure 18. Influence of the height of twist tape on hydrate particle concentration distribution at
Z =30 D section. (a) h=D/5. (b)h=D/6. (c)h=D/8. (d) h=D/10.
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Figure 19. Influence of the height of twist tape on hydrate particle concentration distribution at
Z =47 D section. (a) h=D/5. (b) h=D/6. (¢ h=D/8. (d) h=D/10.
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Figure 20. Influence of the height of flow twist tape on the radial distribution of hydrate particle
concentration at different vertical sections. (a) Z=8D. (b) Z=30D. (c) Z=47D.

3.3.3. Influence of the Number of Twist Tapes on the Distribution Law of Particle
Volume Fraction

Figures 21 and 22 show the relationship between the number of flow twist tapes
and hydrate particle concentration at Z = 14 D and 42 D sections under the condition of
Re =20,000. From the distribution diagram, it can be seen that the high-concentration areas
of particles are concentrated near three twist tapes, the concentration of particles on the
leeward side of the twist tape is higher than that on the windward side, and the minimum
concentration area at the axis position gradually becomes larger with the increase of the
flow distance. It shows that the swirl has a good particle carrying effect, and the particles
will not be deposited in the center of the tube bottom due to the influence of gravity. By
comparing the hydrate accumulation areas near three different twist tapes, it can be found
that the hydrate particles in the twist tape with n = 4 gather the most, while the twist tape
with n = 6 has no obvious dark area in the interval shown in the legend. This is because
the swirl number of the twist tape with n = 6 is too low, the spacing between twist tapes is
too small, and the effective flow area on the cross section of the pipe is too low, resulting
in no obvious concentration difference between the leeward side of the twist tape and the
windward side of the next twist tape. It shows that the number of twist tapes should not be
too much, which will affect the carrying effect of swirl flow.
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Figure 21. Influence of the number of flow twist tapes on hydrate particle concentration distribution
atZ =14 D section. (a)n=3. (b)n=4. (c)n=6.

(a) (0)

Figure 22. Influence of the number of twist tapes on hydrate particle concentration distribution at z =
42 D section. (a)n=3. (b)n=4. (c)n=6.

Shown in Figures 23 and 24 is the concentration of flow twist tape to hydrate particles
at different particle concentrations under the condition of Re = 20,000. From the influence
diagram, it can be seen that with the increase of the initial particle concentration, the particle
aggregation position is still near the twist tape, and it does not accumulate and deposit at
the bottom of the pipe. In practical application, the particle concentration will not be higher
than 50%, so it can be concluded that the particles in the flow guide pipe will not deposit at
the bottom of the pipe at the high Reynolds number of Re = 20,000.

(@) (b)

Figure 23. Influence of flow twist tape on the distribution of hydrate particle concentration at the
initial particle concentration of 30%. (a) Z=14D. (b) Z=42D.
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(@) (b)

Figure 24. Influence of flow twist tape on the distribution of hydrate particle concentration at the
initial particle concentration of 50%. (a) Z =14 D. (b) Z=42D.

As shown in Figure 25, the flow twist tape-hydrate particle concentration at different
initial particle concentrations in the 23 D section at Reynolds number Re = 5000 is shown. In
the influence diagram, it can be seen that with the increase of initial particle concentration,
the particle concentration near the twist tape directly above the pipe gradually decreases,
and at the initial particle concentration oy = 20%, the particle concentration of the upper
twist tape is close to the initial particle concentration.

(b)

(©) (d)

Figure 25. Cont.
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Figure 25. Influence of flow twist tape on hydrate particle concentration distribution under different
initial particle concentrations. (a) g = 10%. (b) &g = 12%. (c) &g = 14%. (d) g = 16%. (e) xg = 18%.
(f) oty =20%.

Because the fluid will generate vertical lift under the action of the twist tape and the
vertical lift will increase the twist degree of the fluid streamline at the windward side of
the twist tape, a swirl flow with stable velocity circulation and uniform vortex strength
can be formed in the pipeline. The increase of particle concentration destroys this stable
mechanism, which makes the swirl flow insufficient to carry all the particles for complete
annular flow. It can be roughly judged from the figure that under the condition of a low
Reynolds number of Re = 5000, there is an extreme value of particle concentration carried
by the swirl flow, and the maximum particle concentration carried by the swirl flow = 14%.

3.4. Optimization of Structural Parameters of Twist Tape

In order to better judge the placement angle of twist tape, the evaluation parameters
of the swirl efficiency of a gas—solid two-phase pipeline are introduced. Physically, in order
to determine the placement, one must calculate the number of swirling flows produced by
the pressure drop per unit length. The formula is defined as:

S

&= AP/l

(12)

where the & of the unit is m/kPa; S is the average swirl number in the tube, which is
obtained by averaging the data on the vertical section and the horizontal section, and AP /1
is the pressure drop per unit length in kPa/m.

3.4.1. Optimization of Setting Angle of Twist Tape

Table 2 and Figure 26 show different setting angles, respectively, evaluation parameters
of the swirl efficiency of a gas—solid two-phase pipeline with twist tapes, and calculation
results and graphs. The setting angle can be seen from Table 2 and Figure 26. The parameter
is larger, and the angle of placement is greater. For every 5-degree increase in the range
of 10~25, one must add 0.12 to the parameter and place it at the angle 6. The maximum
value is reached when it is 25 degrees. When the setting angle is greater than 25 degrees,
the parameter began to decrease slowly, indicating that the excessive setting angle at this
time led to the excessive resistance of the flow twist tape to the fluid. Therefore, from the
perspective of economic benefits, the placement angle 6 = 25°, and it is the best setting
angle of the twist tape.
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Table 2. Calculation result of evaluation parameters of swirl efficiency of gas—solid two-phase

pipeline with twist tape.
6=10° 6=15° 06=20° 0=25° 0=30° 0=35°
S 0.016487 0.024929 0.037083 0.045768 0.052309 0.059673
AP/l 0.051364 0.056354 0.060808 0.065710 0.073082 0.084617
& 0.320988 0.442354 0.609838 0.726954 0.715758 0.705213
0.8
0.6 4 M
>
£
"]0,4 -
0.2 . . T T T T
10 15 20 25 30 35

Figure 26. Calculation results graph of swirl efficiency of gas—solid two-phase pipeline with different

placement angles.

3.4.2. Height Optimization of Twist Tape

Table 3 and Figure 27 show the swirl efficiency evaluation parameters of a gas—solid
two-phase pipeline with twist tapes of different heights, respectively. From the calculation
results and graphs, it can be seen from Table 3 and Figure 27 that with the increase of height,
the evaluation parameters increase first and then decrease in a parabolic shape, and when
h = D/#6, the coefficient reaches a peak. When h = D/5, although the swirl number and
pressure drop are both increasing, the greater increase of pressure drop leads to excessive
resistance of the twist tape to the fluid, so its coefficient decreases. Therefore, considering
the economic benefits, h = D/6 is the best height of the diversion pipe.

Table 3. Calculating results of the pipeline swirling efficiency evaluation parameter of gas—solid
two-phase pipeline with different heights.

H=D/5 H=DlJ/6 H=D/8 H =D/10
S 0.04965 0.047768 0.04452 0.036036
AP/1 0.0708583 0.0657098 0.062157 0.0543459
3 0.700695 0.726954 0.716246 0.663077
0.74 -
//l
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Figure 27. Calculation result curve of pipeline swirling efficiency evaluation parameter of gas—solid

two-phase pipeline with different heights.
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3.4.3. Optimization of the Number of Twist Tapes

Table 4 and Figure 28 show the swirl efficiency evaluation parameters of a gas—solid
two-phase pipeline with twist tapes of different heights, respectively. From calculation
results and graphs, it can be seen from Table 4 and Figure 28 that with the increase of the
number, the evaluation parameters increase first and then decrease, reaching a peak when
n = 3. When n = 2, although the unit pressure drop is the lowest, the average swirl number
is lower, so the coefficient is a minimum value. When n = 4 and 6, the unit pressure drop is
large due to the low number of swirling flows, and the resistance of the twist tape to the
fluid is too great, so its coefficient decreases. Therefore, considering the economic benefits,
the optimal number of twist tapes is three.

Table 4. Calculating results of the pipeline swirling efficiency evaluation parameter of gas—solid
two-phase pipeline with different numbers.

n=2 n=3 n=4 n==6
S 0.041112 0.049555 0.048231 0.046615
AP/ 0.064697 0.0657098 0.0662719 0.06783
& 0.635455 0.754148 0.727775 0.687222
0.76 -
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g
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n
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Figure 28. Calculation result curve of pipeline swirling efficiency evaluation parameter of gas—solid
two-phase pipeline with different numbers.

3.5. Comparison and Analysis of Whole-Process Twist Tape, Local Twist Tapening, and
Common Pipelines

Using the Fluent software, numerical simulation was carried out for the whole-process
rotation of the twist tape, the local rotation of the twist tape, the local rotation of the twist
tape, and the common pipeline, respectively. By comparing and analyzing the simulation
results, the improvement of hydrate transportation efficiency of the whole-process rotation
of the twist tape, compared with other methods, can be obtained.

3.5.1. Comparison of Attenuation Law of Swirl Number by Different Twist Tape Methods

Figure 29 shows the influence of different whirling devices on the number of whirls
along the way under the working condition of Re = 5000. It can be seen from the figure that
the number of whirls along the way with local whirling will be attenuated when the fluid
exits the end of the whirling device. The initial number of whirls of the twist tape with local
whirling is larger than that of the twist tape, and the attenuation of the number of whirls
is slower than that of the twist tape with local whirling, indicating that the local whirling
efficiency of the twist tape is higher than that of the twist tape. However, when the twist
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tape rotates all the way, the swirl number curve of the twist tape fluctuates sinusoidally after
reaching the initial swirl number, and the swirl number will not be attenuated. Therefore,
when Z = 0.43 m, the number of the local swirl of the twist tape is equal to that of the twist
tape. When the flow distance is greater than 0.43 m, the number of the local swirl of the
twist tape is clearly larger than that of the twist tape. This shows that the efficiency of
the whole-process twist tape of the twist tape in the pipeline with a total length of 2 m is
about 4.65 times that of the local twist tape of the four-leaf twist tape. In the same way,
the efficiency of the whole rotation of the twist tape is about 12.5 times that of the local
rotation of the twist tape. Because the swirl flow will not appear in the horizontal smooth
tube without the twist tape, the swirl number is zero in the whole tube section.

0.30 4
o —m— 'The twist tape swirling along the way
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Figure 29. Influence of different twist tapes on the swirl number along the way.

3.5.2. Comparison of Distribution Rules of Particle Volume Fraction by Different
Twist Tapes

Figures 30-33, respectively, show the particle concentration distribution of different
sections under the condition of Re = 5000, with the twist tape rotating all the way, with
the twist tape rotating locally, with the twist tape rotating locally, and with an ordinary
pipeline. At Re = 5000, hydrate particle size is 10 um, and the initial particle concentration
is 10%. It can be seen from Figure 30 that, in the pipeline with the twist tape rotating all the
way, the particles gather near the twist tape, and the axis position is a low-concentration
area. Except when the twist tape passes through the bottom of the pipe, there is no high-
concentration area at the bottom of the pipe, so the particles do not deposit. As shown in
Figure 31, due to the rapid attenuation of swirl number, the particles are more obviously
affected by gravity, and the particle concentration begins to stratify from top to bottom
at 10 D. With the increase of flow distance, the swirl number further attenuates, and the
particle concentration at the bottom of the pipe gradually increases. However, as shown
in Figure 32, in the twist tape local twist tape pipeline, the local twist tape effect of the
twist tape is better than that of the twist tape, and the initial swirl number generated by the
twist tape local twist tape pipeline is much larger than that of the twist tape. Therefore, the
hydrate particles at the 10 D section of the twist tape local twist tape pipeline are dispersed
outwards by centrifugal force and evenly distributed near the pipe wall. With the increase
of flow distance, the amount of swirling flow decreases continuously; the gravity effect of
particles becomes obvious gradually, and particles begin to deposit at the bottom of the
pipe. As shown in Figure 33, in ordinary pipelines, because there is no tangential stress,
particles gradually deposit at the entrance of the pipeline.
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Figure 30. Distribution diagram of particle concentration at different sections of the whole-process
rotating pipe of the twist tape. (a) Z=10D. (b) Z=30D. (c) Z=50D.
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Figure 31. Distribution diagram of particle concentration at different sections of local rotating pipe of

twist tape. (a) Z=10D. (b) Z=30D. (c) Z=50D.
(a) (b) (9

Figure 32. Distribution diagram of particle concentration at different cross sections in the local twist
tape pipe of the twist tape. (a) Z=10D. (b) Z=30D. (c) Z=50 D.

(@) (b) (c)

Figure 33. Distribution diagram of particle concentration at different cross sections of the smooth
pipe without twist tape. (a) Z=10D. (b) Z=30D. (¢c) Z=50D.
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Particles will be continuously deposited in the pipeline due to gravity, and the de-
posited particles may be blown up again. If they are not blown up, they will accumulate,
and the thickness of the particle layer will become higher and higher, which is referred
to as particle deposition. The critical deposition position refers to the position where the
particles just begin to deposit. Figures 34-37 are the nephograms of the variation of particle
concentration with time at the cross section of the critical deposition position of particles
under different twist tapes. We set Re = 5000, particle size Dy= 10 um, and initial parti-
cle concentration xg = 10%. In the simulation, three time periods were selected, namely,
t=02s,t=04s,and t = 0.8 s. The critical deposition position of hydrate particles was
estimated by observing the change of particle deposition on the cross section of the pipeline.
Figure 34 shows the sediment cloud image of particles changing with time at the cross
section of Z=66 D in the whole rotating pipeline of the twist tape. It can be seen from
Figure 34 that the particle concentration on the cross section of the pipeline is basically
unchanged with the increase of time, indicating that the particles do not deposit in the
pipeline. Since Z = 66 D is close to the outlet of the pipeline, it can be considered that there
is no critical deposition position of particles in the pipeline under the condition that the
flow twist tape rotates all the way; that is, hydrate particles do not deposit at the bottom
of the pipeline. As shown in Figure 35, the sediment cloud chart of particles on the cross
section of the twist tape with local rotation Z = 20 D changes with time. In Figure 35,
it can be seen that particles are deposited at the bottom of the pipe by gravity, its layer
thickness gradually increases with time, and the particle concentration in the lower half
of the pipe is higher than that in the upper half of the pipe. Figure 36 shows the sediment
cloud picture of particles changing with time on the cross section of Z = 35 D of a twist tape
pipeline. In the figure, the thickness of particle layer increases with time, and the deposition
range of particles in the local swirl tube is more concentrated than that of the twist tape.
Figure 37 shows the sediment cloud image of particles in the section of ordinary pipeline
with Z =10 D. At Z = 10 D, the thickness of the hydrate particle layer at the bottom of the
pipeline increases obviously with time, which indicates that particles begin to deposit at
this position, and the deposition becomes more and more obvious with time. Comparing
the deposition positions of four kinds of pipelines, it can be found that the particle carrying
distance of the local rotating pipe of the twist tape is about 2 times higher than that of the
ordinary pipeline, that of the twisted pipe is 3.5 times higher than that of the ordinary
pipeline, and that of the whole rotating pipe of the twist tape is 6.6 times higher than that
of the ordinary pipeline. Compared with the twisted pipe, the particle carrying effect is
increased by 89%, 230%, and 560%. Therefore, the whole rotation of the twist tape can
effectively increase the transportation distance of hydrate particles and provide a guarantee
for the safety of the pipeline.

(b)

Figure 34. Deposition cloud chart of particles in the whole rotating pipeline of twist tape with time
change. (a) t=0.2s. (b)t=04s. () t=0.8s.



Processes 2023, 11, 1658

24 of 27

| 1.001e-001
1.000e-001
9.995¢-002
9.990e-002
9.985¢-002
9.980e-002

. 1.000e-001
1.000e-001
9.997e-002
9.995¢-002
9.9926-002
9.990e-002

003e-001
1.002e-001
1.001e-001
1.001e-001
9.999¢-002
9.992e-002

&7

| —
() (b) (©

Figure 35. Deposition cloud chart of local swirling pipeline particles of twist tape with time change.
(@t=02s.(b)t=04s.(c)t=0.8s.

Figure 36. Deposition cloud chart of local swirling pipeline particles with twist tape. (a) t =0.2s.
(b)t=0.4s.(c)t=0.8s.

(@) (©

Figure 37. Sedimentary cloud diagram of time-varying particles in the smooth pipe without twist
tape. (a)t=0.2s. (b)t=04s. ()t =0.8s.

4. Conclusions

(1) The maximum radial swirl number appears in the range of 0.4-0.45 D, and the
swirl number at the axis of the pipeline tends towards 0. The swirl number in the tube
is rotationally symmetrical around the center of the circle by 360°, and it increases first
and then decreases periodically from the windward side of the twist tape to the leeward
side of the next twist tape. The diversion angle is greater, and the maximum swirl number
is greater. The diversion height is higher, and the attenuation of radial swirl number is
slower. The number of twist tapes is higher, and the number of swirl flows between the
two plates is lower. The curve of the stationary section of rotation is sinusoidal. The angle
of the twist tape is greater; the deviation and amplitude of the curve is greater, and the
fluctuation frequency is faster. The height of the guide is higher, and the deviation of its
curve is greater. The twist tapes are greater in number, and the curve offset is greater.
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(2) The high-concentration areas of particles are concentrated near the three twist
tapes, and the concentration of particles on the leeward side of the twist tapes is higher
than that on the windward side. The minimum concentration area at the axial position
gradually becomes larger with the increase of the flow distance, and hydrate particles do
not deposit at the bottom of the whole pipe section. The placement angle of the twist tape is
greater, and the high-concentration area of particles near the twist tape is larger. Under the
condition of constant swirl strength, the range of high particle concentration area will not
increase indefinitely, and it will be constant. The range of the high particle concentration
area will be invariable when the height of the twist tape is D/6. The number of twist tapes
should not be too great, as this will affect the particle carrying effect.

(3) The evaluation parameters of the swirl efficiency of a gas—solid two-phase pipeline
are proposed. These parameters represent the swirl efficiency of twist tapes. The optimal
setting angle of twist tapes is 25 degrees; the optimal height is D/6, and the optimal number
of twist tapes is 3.

(4) The number of swirling flow along the local vortex will be attenuated when the
fluid exits the end of the vortex device. There is no swirling flow in the common pipeline,
and the amount of swirling flow is zero in the whole pipeline section. In a pipeline with
a total length of 2 m, the efficiency of the whole-process rotation of the twist tape is
about 4.65 times that of the local rotation of the 4-leaf twist tape, and the efficiency of the
whole-process rotation of the twist tape is about 12.5 times that of the local rotation of the
twist tape.

(5) The particle carrying distance of the local swirl flow generation is about two times
higher than that of the ordinary pipe. The particle carrying distance of the 4-twist tape
pipe is 3.5 times higher than that of the ordinary pipe. The particle carrying distance of the
whole swirl flow generation is 6.6 times higher than that of the ordinary pipe. The particle
carrying effect is 89% higher than that of the 4-twist tape pipe. The particle carrying effect
is 230% higher than that of the local swirl flow generation. The particle carrying effect is
560% higher than that of the ordinary pipe.
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Nomenclature

Cp drag coefficient

Ci¢, Cye  turbulence model coefficient

dp particle diameter [m]

Gk, Gp turbulent kinetic energy

Sz component of gravity acceleration in the z direction [m/s?]
P static pressure, [Pa]

Re relative Reynolds number



Processes 2023, 11, 1658 26 of 27

T time [s]

up particle velocity [m/s]
u,v,w speed [m/s]

Iy gas density [kg/ m?]

Pp particle density [kg/m?3]
Tij viscous stress tensor

Ok, O¢ turbulent Platt number of k and ¢
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