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Abstract: The present study employs numerical simulation to analyze the behavior of gas
hydrate particles in bending pipelines, focusing on the influence of swirl flow on particle
deposition under varying bending angles, pipe-to-diameter ratios, Reynolds numbers,
and twist rates. Results indicate that larger bending angles, smaller twist rates, and
higher Reynolds numbers produce stronger swirl flows at pipe entry and sustain higher
swirl numbers along the pipeline. Conversely, larger pipe-to-diameter ratios result in
greater swirl number variations, slower attenuation, and weaker outflow. Moreover, the
phenomenon of hydrate particle deposition is more serious in the straight pipe section.
Particle retention at the pipe outlet is 1.5 times higher than in the bending section. The bent
pipe is more conducive to the flow of particles. For instance, with a bend rate increasing
from 1 to 4, the swirl number decreases by 57.49%. Additionally, the deposition rate of
particles is reduced at higher Reynolds numbers, with rates falling below 1% at a Reynolds
number of 20,000. These findings highlight the need to optimize swirl flow parameters
to reduce hydrate deposition, preventing blockages and improving pipeline safety in
industrial applications.

Keywords: gas hydrate; swirl flow; twisted tape; deposition law; two-phase fluid flow

1. Introduction

Natural gas, as a vital clean energy source, is extensively utilized across various sectors
of the global economy. The primary modes of natural gas transportation currently include
pipeline delivery, liquefied natural gas (LNG) transport, and compressed natural gas (CNG)
transport [1,2], with pipeline delivery being the dominant method. Approximately 70% of
the world’s oil and 90% of its natural gas are transported via pipelines on land. Among the
various factors impacting the safety of oil and gas pipelines, hydrate plugging is one of the
most prevalent issues. Natural gas hydrates are clathrate crystalline compounds with an
ice-like structure, formed under high pressure and low temperature [3,4].

During the transportation of natural gas through pipelines, factors such as high-
velocity gas flow, low-temperature and high-pressure pulsations, and specific structural
configurations significantly influence hydrate formation. These conditions facilitate the
generation and accumulation of hydrates, particularly in areas such as pipe bends and
low points. As the accumulated hydrates grow, the volume fraction of hydrates in the
pipeline gradually increases, eventually exceeding the critical threshold that the gas flow
can effectively transport. This results in severe fluctuations in pipeline transport pressure.
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Furthermore, particle adhesion, both between particles and with the pipe wall, leads
to continuous binding, aggregation, and deposition, progressively blocking the pipeline
with hydrates [5]. The formation and accumulation of gas hydrates within pipelines not
only cause blockages in pipes and valves, reducing gas transport capacity, but also pose
significant safety risks, such as pipeline damage and rupture.

In recent years, two innovative approaches have emerged based on the concept of
natural gas hydrate risk management: Low Dosage Hydrate Inhibitors (LDHIs) and spiral
flow methods [6]. The primary mechanism by which LDHIs control hydrate formation
involves inhibiting the growth and aggregation of natural gas hydrate particles, differing
fundamentally from the suppression mechanism of traditional thermodynamic inhibitors
that modify hydrate formation conditions. LDHIs are mainly classified into two categories:
kinetic inhibitors and anti-agglomerants. Kinetic inhibitors prevent the growth of natural
gas hydrate nuclei, while anti-agglomerants hinder the aggregation of hydrate particles.
Kinetic inhibitors are typically used in gas-dominated pipelines, whereas anti-agglomerants
require the presence of an oil phase for effectiveness [7,8]. Due to their relatively low dosage
requirements, LDHIs show promising potential for widespread application.

Pipeline spiral flow hydrate control technology, proposed by the hydrate research
group at Changzhou University [9], represents a significant departure from chemical
inhibition methods. This technique leverages the carrying capacity of spiral flow to enable
the safe transportation of hydrates at higher concentrations. Unlike non-spiral flow, spiral
flow introduces a tangential velocity component perpendicular to the axial flow direction.
This tangential velocity enhances the transport of hydrate particles, increasing the volume
fraction of hydrates in transit and reducing particle deposition [10,11]. Additionally, spiral
flow increases the shear forces between the fluid and the pipe wall, as well as between
particles, improving hydrate flowability and reducing particle aggregation.

During the transportation of hydrate slurry through pipelines, it is critical to avoid
regions where the volume fraction of hydrate slurry causes a rapid increase in pressure drop.
In bending pipeline structures, particles transitioning from horizontal straight sections to
bends exhibit distinct movement behaviors due to density differences between liquid and
solid phases. This phase separation causes particles to migrate toward the outer wall of
the bend, significantly increasing particle concentration in this region. Near the bend exit,
particle concentration on the outer wall peaks, leading to hydrate accumulation and an
increase in the volume fraction of hydrate particles. Consequently, controlling the inlet
volume fraction alone is insufficient to prevent hydrate-related issues in bending pipelines.
A comprehensive investigation into the factors affecting the maximum concentration of
hydrate particles in bending pipes is essential.

In the field of multiphase flow in bending pipes, particularly regarding particle trans-
portation, extensive research has been conducted domestically and internationally. Al-
Obaidi [12] studied the effects of flow structure variations, such as velocity magnitude and
radial velocity profiles, under different configurations. Using the Taguchi method (TM) for
experimental design, they optimized differential pressure values concerning shaft diameter.
Xu [13] utilized a microfluidic device to focus on macroscopic phenomena, though lacking
visualization and temporal resolution. Their results indicated that hydrate formation in mi-
crofluidic chips required phase equilibrium and perturbations in regions with crystal nuclei,
with perturbations in random pore structures proving most effective. Sun [14] controlled
water-gas flow rates to study two-phase flow in hydrate sediments, identifying three stages
of hydrate re-formation: induction, mass agglomeration, and pore gas consumption. Using
magnetic resonance imaging (MRI), Sun [15] observed the hydrate re-formation process,
confirming its role in plugging during water-gas flow. Further studies by Sun [16] explored
dissociation modes combining water-gas flow and depressurization, demonstrating that
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higher water-gas flow rates and lower dissociation pressures enhanced energy recovery
and reduced energy input.

Wau et al. [17] investigated naphthalene deposit migration in gas pipelines, analyzing
transport patterns in various configurations, including horizontal bends. They examined
factors such as particle size, gas flow velocity, temperature, and pressure. Lv et al. [18]
used simulations to study large particle solid-liquid flow in U-shaped bends, identifying
the influence of secondary flows on particle distribution. Gao et al. [19] employed particle
image velocimetry (PIV) to measure gas-water-sand three-phase flow in combined bends,
discovering that centrifugal forces caused particles to migrate outward, while gravity
hindered flow in ascending sections.

Bending pipes are critical components of long-distance pipelines, and understanding
hydrate particle flow behavior in bends is essential for optimizing pipeline design. Such
studies can improve the efficiency and safety of pipeline gas transmission. Currently,
research on spiral particle flow in gas pipelines has predominantly focused on straight
pipes, with limited attention to hydrate particle flow in bending sections [20]. In the present
study, we investigate the influence of spiral flow twist rates on hydrate particle deposition
within bending pipelines using computational fluid dynamics (CFD) simulations. A finite
volume method-based CFD model is employed to simulate hydrate slurry flow and analyze
the deposition process. Key factors such as bend diameter ratios and flow parameters are
systematically examined to understand their impact on hydrate particle accumulation and
concentration. This research provides insights into optimizing spiral flow techniques for
mitigating hydrate deposition and ensuring safe and stable pipeline operations. Novel
contributions include the evaluation of spiral flow effectiveness in bending pipeline sections,
the identification of critical deposition patterns, and recommendations for pipeline design
improvements to enhance natural gas transportation efficiency and safety.

2. Methodologies

Figure 1 describes the flowchart for the present study. The process begins with setting
the twisted tape parameters and defining the working conditions. Grid-independent
verification and model validation are then conducted. If the model validation is successful,
the study proceeds to analyze the change in swirl numbers, discuss the residence time
distribution of hydrate particles, and calculate the residual distribution of hydrate particles.
Next, hydrate particle deposition laws are determined, and the deposition rate parameters
are updated. If the calculation converges, the process finishes; otherwise, the process
iterates by adjusting parameters. The system control and optimization are useful for this
modeling study as suggested in the references [21,22]. If the model validation fails, the
process returns to the previous time step for re-evaluation.

2.1. Physical Model

The pipeline’s physical model was designed using SolidWorks (SOLIDWORKS2021
SP0-SP5), featuring an internal diameter of 25 mm. It consists of straight pipes in the front
and rear sections, with a 90° bend in the middle. This pipeline configuration is depicted in
Figure 2. The bend rate is the rate of the bending radius R to the bending diameter D, and
the bend rate is from 1 to 4. A helical strip, acting as a vortex generator, is installed at the
pipeline inlet and extends 0.5 m in length. The helical strip design includes three different
twist ratios (Y), defined as the ratio of one full 360° turn’s length (H) to the strip’s width (D).
These ratios are 6.2, 7.4, and 8.8. The strip design incorporates wall thickness considerations
to ensure accurate simulation of the gas-solid two-phase flow within the pipeline. The
computational domain is divided into two segments: the region containing the helical strip
and the flow domain formed between the strip and the pipe’s inner wall. A structured grid
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partitioning method is applied to the helical strip to achieve high mesh quality, efficient
computation, and high calculation accuracy. For the flow domain, where the geometric
structure is more complex due to the presence of the helical strip, an unstructured grid
is utilized to accommodate the intricate geometry. While this method requires higher
computational resources, it ensures better adaptability. The details can be found in our
previous studies [23].

Next
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Figure 1. Flowchart for the present study.
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Figure 2. Pipeline system for the numerical simulation of gas hydrate flows (Reprinted from
Rao et al. [23], an open-access article from Springer Nature).
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2.2. Boundary Conditions and Physical Properties

At the inlet, a velocity inlet condition is specified. The gas phase consists of natural
gas, while the solid phase comprises hydrate particles with a mass flow rate of 107 kg/s.
Hydrate particles are continuously generated at the inlet. To enable comparative analysis,
Reynolds numbers (Re) of 5000, 10,000, and 20,000 are used at the inlet, and these Reynolds
numbers correspond to the actual engineering data. The outlet boundary is set to a pressure
outlet, and a no-slip condition is applied to the walls, accounting for gravitational effects.

This study focuses on simulating the flow and deposition behavior of gas-solid
two-phase flow influenced by the swirl flow generated by the helical strip. Methane
(CHy) is selected as the gas-phase medium, while the solid phase consists of natural gas
hydrate particles, modeled as homogeneous spheres with uniform size. Table 1 outlines
the key physical property parameters, including gas-phase density (o), solid-phase den-
sity (0s), and gas-phase dynamic viscosity (yg). All parameters are configured under
standard conditions.

Table 1. Basic parameters table.

pgl(kg-m~=3) ps/(kg-m~3) pgl(uPa-s) Average Particle Size (mm)
0.717 650 11.067 0.06

2.3. Mathematical Model
2.3.1. Governing Equations

Continuity equation,

Momentum equation,

g(P“iH’@(P”i”j)*‘afxi—g— 3¢ 0 2)

]
where p is gas density, u is velocity, p is static pressure, 7;; is viscous stress tensor, and ¢
is time.

2.3.2. Equation of Turbulent Flows

The RNG k — e model is adopted for turbulence simulation. Compared to the k — ¢
model, the RNG variant demonstrates superior performance in flow fields characterized by
rotations, bends, and vortices. It also provides enhanced accuracy for flows with high strain
rates and pronounced streamwise curvature, such as spiral patterns in swirl-dominated
flow regimes.

The governing equations for the k — e model are applied as follows:

d d d ok
5; (0k) + aTci(pkui) = axj<0<kﬂeffaxj> + Gy + Gp — pe — Y + S 3)

0 9 0 e e €2
g(Pe) + E)Tci(pwi) = ax; (“Syﬁffaxj> + Cle%(Gk + C3eGy) — Copp —Re+ 5 (4)
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where ;7 = 5, 9 ~ 4.38, B = 0.012, ap = 1.
The p, sy is effective viscosity, equations as follows:

2
pk) v
Al —= | =172————=dv 7
(\/SV Vi —14+GC, 7

where C, ~ 100, v = ;4%

2.3.3. Discrete Phase Model

The gas-solid two-phase spiral flow was simulated using the Discrete Phase Model
(DPM), which is grounded in the Eulerian-Lagrangian approach. In this framework, the
fluid phase is treated as a continuous medium, while the solid particles are modeled as
discrete entities. The overall flow field distribution is obtained by solving the Navier-Stokes
equations, incorporating the coupling interactions between the fluid and the particles.
Through this coupling, the trajectories of a defined number of particles are tracked, and
their behavior is described within the Eulerian coordinate system. The discrete phase
typically assumes a low concentration of solid particles, generally below 10%, ensuring the
validity of the DPM in dilute flow conditions.

In a suspended state, the forces acting on particles in the fluid reach equilibrium. The
equation governing the motion of the particles can be expressed as follows:

mi% = (3P, (8)

where, m; is the mass of particles, kg; u; is Particle velocity, uPa-s; (3_F); is The combined
force on the particles.

In the flow, particles are influenced by several forces, including the added mass force,
inertial force, gravitational force, pressure gradient force, drag force, buoyancy force, and
the Saffman lift force. Among these, the added mass force arises from the acceleration
of the fluid displaced by the particles. Based on the principles of ideal (inviscid) fluid
dynamics, the mass generating this force is equivalent to half the mass of the fluid displaced
by the solid particles during motion. Consequently, the added mass force can be expressed

as follows:
dv, dv

Pvm:fgﬂr p<dtdt> (9)

where Fyy, is additional mass force, kg-m/ sZ; ris pipe radius, m; p is gas density, kg/ m3; t
is time, s.

Inertial force arises when an object undergoes acceleration. The inertia of the object
resists changes to its state of motion, maintaining its original velocity or position. This re-
sistance manifests as a force acting in the direction opposite to the applied force, commonly
referred to as inertial force, and can be mathematically expressed as

4

d
F= oL

v (10)

where F; is inertial force, kg-m/ s2.
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As solid particles move, they are subjected to their own gravitational force. In the
simulation, where hydrate particles are modeled as uniform spheres, this gravitational
force can be represented as follows:

4
G= gnrsppg (11)

where G is the gravitational force, kg-m/ s2.

Solid particles in the pipe flow experience a pressure gradient along the flow direction,
subjecting them to a corresponding force. This force, known as the pressure gradient force,
can be expressed as

Fp=—-mr’— (12)

where [, is pressure gradient force, kg-m/s?.

The force exerted by a fluid on a solid with relative velocity is referred to as the drag
force. The drag force is influenced by various complex factors, making it challenging
to describe with a fixed formula. To address this, the concept of the drag coefficient is
introduced, expressed as follows:

Cp = fr (13)

= ey

where Cp is the trailing force coefficient.

Therefore, the trailing force can be expressed as the following equation:

1
EF = ECDm’Zp‘v—U,,|(U—vp) (14)
where F; is trailing force, kg-m/ 2.
Buoyancy refers to the net force arising from the pressure difference exerted by a fluid
on the surfaces of an object submerged in it. This force can be expressed as

F, = %nr3pg (15)

where F, is Buoyancy, kg-m/s2.

Saffman lift refers to the lift force generated when there is a velocity difference between
a particle and the surrounding fluid, accompanied by a velocity gradient in the fluid that
is perpendicular to the particle’s motion. This lift results from the variation in velocity
across the particle, transitioning from low to high speed. However, in turbulent flows, its
magnitude is often negligible. This force can be expressed as

1
2

Jv

F, = 1.61(;4p)%d2(v —vp) 3y

(16)

where F; is Saffman force, kg-m/s.

2.4. Calculation Methods

In the calculations, a discrete phase model (DPM) is employed, utilizing a pressure-
based implicit solver to perform transient simulations of gas-solid, two-phase, three-dimensional
swirl flows in natural gas hydrate pipelines. The turbulence model adopted is the RNG k-¢
model, which extends the conventional k-¢ model by incorporating an additional term into
the e equation. This enhancement improves the model’s adaptability to rotating flow fields,
leading to higher accuracy in computational results.



Processes 2025, 13, 725

8 of 19

The particle motion is modeled using the Discrete Phase Model, which allows for the
adjustment of particle properties, velocity, and mass flow rate through parameter settings.
A second-order upwind interpolation scheme is applied to calculate the momentum com-
ponents, turbulent kinetic energy components, and dissipation rates with second-order
accuracy. Pressure-velocity coupling is achieved using the SIMPLEC algorithm. Conver-
gence is considered achieved when the absolute residuals drop below 1 x 107, signifying
the completion of the computation.

2.5. Grid Independence Verification

To verify grid independence, this study utilized three different mesh sizes: 600,000,
800,000, and 1,000,000 elements. In the simulations, all parameter settings remained
identical except for the mesh density. The velocity distribution at the center of the cross-
section, located 8D downstream from the inlet, was selected for comparison. The velocity
comparison chart shows that all three mesh groups exhibit similar trends in velocity
variation, indicating consistency in the simulation results. However, with a mesh size of
600,000 elements, the velocity variation displays relatively larger errors compared to the
other two cases, suggesting insufficient precision and lower data reliability. Conversely, the
results from the 800,000 and 1,000,000 element meshes demonstrate minimal discrepancies.
Nonetheless, the computational time required for the 1,000,000-element mesh is significantly
longer than for the 800,000-element mesh. Considering the balance between computational
efficiency and result accuracy, a mesh count of 800,000 elements is deemed most appropriate
for the calculations. The details can be found in our previous studies [23].

2.6. Model Validation

To validate the reliability of the model, an experimental setup was constructed using a
pipeline with a length of 1.2 m and an inner diameter of 25 mm. Colored sand particles
with a diameter of 0.06 mm were used as substitutes for hydrate particles, flowing through
the pipeline alongside the gas. The experiment was conducted under ambient temperature
and pressure conditions. The experimental results were compared with the simulation data,
the experimental and simulation results exhibit small errors across the range of Reynolds
numbers tested, demonstrating strong agreement. These findings confirm that the model is
suitable for simulating the transport of natural gas containing hydrate particles. The details
can be found in our previous studies [23].

3. Results and Discussion

Numerical simulations were conducted to study the swirl flow attenuation and the de-
position behavior of hydrate particles during their transportation in bending pipe sections,
considering various factors such as bending pipe angles, pipe diameter ratios, Reynolds
numbers, and twist rates. The study primarily focused on the variations in swirl number,
residence time, concentration distribution, and the deposition patterns of hydrate particles,
with the aim of extending the safe transportation distance. This research holds significant
importance for ensuring the safety and reliability of the pipeline.

3.1. The Change Rule of Swirl Numbers

The swirl number is a critical physical quantity that characterizes the flow dynamics
of swirl flows and serves as an essential parameter for assessing their strength. It is
defined as the ratio of dimensionless tangential momentum to axial momentum represented
mathematically as

oo fOR puwrdA fOR puwrd (r?) W a7
RfOR pudA RfOR pud(nr?) U
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where R is the inner diameter of the pipe, p is the density of the fluid, u is the axial
velocity of the fluid, w is the tangential velocity of the fluid, A is the cross-sectional
area of the swirling pipe, and the speed is considered to be the average time velocity.
This relationship encapsulates the interplay between the tangential and axial momentum
components, providing insight into the rotational behavior of the fluid within the pipeline.

Figure 3 illustrates the variation in swirl number at three distinct positions: the
inlet, middle, and outlet, for bending pipes with different angles, under identical flow
conditions. The data indicate that the swirl number at the inlet increases with the bend angle.
Specifically, a larger bending angle results in a higher swirl number upon entry, signifying a
stronger initial swirl intensity. This trend can be attributed to the geometric influence of the
bend, which amplifies the tangential velocity component as the angle increases. However,
as the fluid progresses through the bending pipe, the swirl number decreases continuously.
This decay is a consequence of energy dissipation due to viscous effects and turbulence.
Despite this attenuation, the swirl number at any given position remains higher for pipes
with larger bending angles, confirming that more pronounced bends sustain stronger swirl
flows. The observed behavior highlights the intricate relationship between the geometric
configuration of the pipe and the swirl dynamics, where larger angles enhance initial swirl
intensity but also experience greater energy loss as the fluid traverses the bend.

T T T

0.12 F

0,10 F

0,08 -

0,06

Number of swirls

0,00 - -

Bending pipe inlet Bending pipe center ~ Bending pipe outlet

Figure 3. Variation of swirl number under different bending pipe angles.

Table 2 provides a detailed analysis of swirl numbers at various positions for bending
pipes with different diameter ratios. The data reveal that the swirl number consistently
decreases as the fluid flows through the pipe. Additionally, the rate of change in the swirl
number is influenced by the diameter ratio of the pipe. Larger diameter ratios correspond
to greater total changes in swirl number over the length of the pipe. To quantify the decay
characteristics, the change in swirl number per unit length (AS/L) was calculated. The
results indicate that (a) for a diameter ratio of 1, the swirl number drops by 57.49%, with
a unit-length change of 1.061; (b) for a diameter ratio of 2, the corresponding decrease is
41.15%, with a unit-length change of 0.710; and (c) for a diameter ratio of 4, the swirl number
reduces by 31.05%, with a unit-length change of 0.451. This analysis demonstrates that
larger diameter ratios result in slower swirl number decay per unit length. The extended
pipe sections associated with higher diameter ratios allow for a more gradual attenuation of
swirl intensity, although the outflow swirl strength is comparatively weaker. These findings
are crucial for optimizing pipe design to maintain desired swirl flow characteristics over
extended distances.
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Figure 4 illustrates the effect of different twisted rates on the swirl number at various
positions along the bending pipe. The twisted rate, defined as the degree of rotation
imparted to the flow, significantly influences the initial and sustained swirl characteristics.
We found that a smaller twisted rate leads to a higher initial swirl number at the pipe’s
inlet. This effect arises from the stronger coupling between the tangential and axial velocity
components, which enhances the rotational momentum of the flow. Also, as the fluid
progresses, the swirl number at corresponding positions remains higher for smaller twisted
rates. This behavior underscores the ability of low twisted rates to sustain swirl intensity
over longer distances, minimizing energy dissipation. These findings suggest that adjusting
the twisted rate can serve as an effective control mechanism for regulating swirl flow
behavior. Applications requiring prolonged swirl flow strength can benefit from lower
twisted rates, while higher rates may be more suitable for rapid dissipation scenarios.

Table 2. Statistics of swirl number and the variation of swirl number at different positions with
different rates of bending pipe diameter.

Bending Pipe-to-  Bending o o o Bending Unit
Diameter Rate Pipe Inlet 30° Alpha. 457 Alpha.  60° Alpha. Pipe Outlet As Length As
1 0.1224 0.1144 0.1014 0.0929 0.0825 0.0399 1.061
2 0.1301 0.1021 0.0912 0.0858 0.0766 0.0535 0.710
4 0.1356 0.1221 0.1089 0.0867 0.06767 0.0679 0.451
T T T T T
0.12 | .
0.10 | i
E 0.08 .
o
[=]
2 006 .
g
Z.
0.04 4
0.02 ]
0. 00 1 1 i ] 1 1
Bending Bending Bending Bending Bending
pipe inlet pipesgenier pipe center pipe center  pipe outlet
p 4 o o

Figure 4. Variation of swirl number under different twisted rates.

Figure 5 presents the variation of the swirl number at different positions under varying
Reynolds number conditions. The Reynolds number, a dimensionless parameter repre-
senting the ratio of inertial forces to viscous forces, plays a pivotal role in determining
flow behavior. The results reveal that higher Reynolds numbers correspond to larger
swirl numbers at the pipe’s inlet. This correlation can be attributed to the increased flow
velocity associated with higher Reynolds numbers, which enhances the tangential velocity
component and, consequently, the swirl number. At any given position within the bending
pipe, higher Reynolds numbers consistently result in larger swirl numbers. This behavior
indicates that increased flow velocity not only strengthens the initial swirl intensity but also
aids in maintaining swirl strength over the pipe’s length. The influence of the Reynolds
number highlights the importance of flow velocity in preserving swirl dynamics. Higher
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velocities generate greater momentum, which counteracts the dissipative effects of viscosity
and turbulence, thereby prolonging the lifespan of the swirl flow.

—=—Re=20,000
—&—Re=10,000, 7|
—&—Re=5000

0.06 | -1

Number of swirls

0.00 | 1
1 1 1 1 1

Bending Bending Bending Bending Bending
pipeinlet  pipe center pipe center pipe center pipe outlet
30° 45° 60°

Figure 5. Variation of swirl number under different Re.

3.2. Residence Time Distribution of Hydrate Particles

The residence time distribution (RTD) of hydrate particles in a pipeline is a critical
factor in evaluating flow dynamics, particle deposition, and the overall safety of gas hydrate
transportation systems. As depicted in Figure 6, the RTD after stable flow is analyzed
for a 90° bending pipe under a twisted rate of 6.2 and a Reynolds number of 10,000. The
unit of residence time is seconds. The figure provides valuable insights into how hydrate
particles behave in a swirling flow and how their residence time varies across different
pipeline sections. Upon entering the bending pipe, hydrate particles experience strong
swirl flow due to the influence of the twisted band and the high Reynolds number. The
twisting mechanism imparts a tangential velocity component to the particles, enhancing
their swirl motion and distributing them more uniformly across the cross-section of the
pipe. At this stage, the residence time of the particles is relatively short because the swirling
motion minimizes localized stagnation and reduces particle retention. This flow behavior
is advantageous for mitigating deposition risks at the pipe’s entrance.

As the particles progress through the bending section, the intensity of the swirl flow
gradually decreases due to resistance forces, including wall friction and viscous dissipation.
The curvature of the 90° bend introduces a centrifugal force that pushes the particles
toward the outer wall of the pipe. Simultaneously, gravitational forces act on the particles,
particularly those with higher mass, causing a redistribution of hydrate particles within
the pipe. The combined effects of these forces alter the velocity profile and extend the
residence time of the particles as they navigate through the bend. At the exit of the bending
pipe, the swirl flow is further weakened, leading to the dissipation of the tangential
velocity component. Without the stabilizing effect of the twisted band, the swirling motion
diminishes, and the particles begin to accumulate in regions of lower flow velocity. The
residence time at this stage increases significantly—more than 1.5 times compared to that at
the pipe’s bend. This prolonged residence time is a result of reduced axial momentum and
the gradual decay of swirling motion. The extended residence time of hydrate particles at
the exit of the bending pipe has critical implications for pipeline safety. The slower flow
velocity and weakened swirl contribute to particle deposition, particularly along the bottom
surface of the pipe, where gravity and centrifugal forces dominate. This deposition not
only reduces the effective cross-sectional area of the pipe but also poses risks of blockages
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and flow assurance issues in long-term operations. Therefore, the RTD highlights the
importance of understanding how pipeline design, such as bend angle and twisted rate,
influences particle behavior and deposition tendencies.
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Figure 6. Residual time distribution of hydrate particles.

3.3. Residual Distribution of Hydrate Particles

The residual distribution of hydrate particles within pipelines is a key parameter that
determines flow efficiency and operational safety, particularly in bending pipelines where
complex interactions between centrifugal forces, gravity, and swirl flow occur. Figures 6-9
provide comprehensive insights into the dynamics of hydrate particle distribution un-
der varying conditions, including high flow rates, swirl flow intensity, and twisted belt
configurations. This section delves deeper into the observed phenomena, focusing on
the interplay of forces that influence the mass concentration of particles across different
pipeline segments.

As shown in Figure 7, the distribution of hydrate particles upon entry into the bending
pipe demonstrates a distinct pattern. Under high flow rates and strong swirl flow, the
particles are predominantly concentrated near the pipe walls, while the central region
exhibits relatively low mass concentration. This distribution arises due to the tangential and
axial velocity components of swirl flow. The tangential velocity induces a rotational motion,
dispersing the particles uniformly across the cross-section, while the axial velocity propels
the fluid forward, maintaining a dynamic equilibrium. This swirl-induced suspension
mechanism is particularly effective at preventing particle deposition in the straight sections
of the pipeline. The particles remain in suspension due to the strong carrying capacity of
the fluid, which minimizes the likelihood of clogging or accumulation near the pipe walls.
The entry conditions thus play a pivotal role in ensuring the uniform dispersion of hydrate
particles, enhancing transport efficiency.
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Figure 8. Distribution of particle mass concentration at the exit of the pipe.

When hydrate particles enter the bending pipe, the interaction of centrifugal force
and swirl flow significantly alters their distribution. The centrifugal force, acting perpen-
dicular to the pipe curvature, pushes the particles toward the upper outer wall of the
bend. Simultaneously, the tangential velocity imparted by the swirl flow continues to
rotate the particles, resulting in a dynamic redistribution along the pipe’s cross-section.
At this stage, the high-speed fluid carries the particles forward, and their concentration
near the outer wall increases. However, as the flow progresses, the intensity of the swirl
flow diminishes due to viscous dissipation and energy loss. The weakening of tangential
velocity causes a gradual attenuation of the swirling motion, allowing gravity to dominate.
This transition marks a critical phase in the bending section, where the particles begin to
migrate downward, forming localized areas of higher concentration.

Figure 8 illustrates the distribution of particle mass concentration at the exit of the
bending pipe. After exiting the bending section, the particles, influenced by gravity, are
concentrated near the lower part of the pipe. The swirling motion, which had previously
maintained particle suspension, has now largely dissipated, allowing gravity to exert a
stronger influence. The exit flow dynamics reveal that, under high flow rates, most hydrate
particles are successfully carried out of the pipe along with the fluid. However, regions
with lower velocity or turbulence intensity may experience localized particle deposition.
This residual accumulation, though limited under high flow conditions, poses a greater risk
in pipelines operating at medium or low flow rates, where the reduced carrying capacity of
the fluid may result in particle buildup.
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The twisted rate of the swirl-inducing belt significantly affects the distribution of
hydrate particles, as shown in Figure 9. The three different positions are the front straight
pipe, the 90° bent pipe, and the back straight pipe. Twisted belts generate swirl flow, which
disperses particles and prevents their deposition on the pipe walls. At higher twisted
rates, the swirl intensity is stronger, leading to more uniform particle dispersion near the
walls and a lower mass concentration in the central region of the pipe. As the twisted rate
decreases, the tangential velocity imparted by the belt weakens, reducing the effectiveness
of the swirl flow. In such cases, particles are more likely to migrate toward the center of the
pipe as the flow progresses, resulting in less dispersion and higher localized concentrations.
This phenomenon underscores the importance of optimizing the twisted rate to achieve the
desired flow characteristics. A smaller twisted rate also ensures that fewer particles remain
deposited on the pipe walls, improving the overall transport efficiency and reducing the
risk of blockages.

The distance traveled by the particles within the pipeline further influences their
residual distribution. As the flow progresses, the tangential forces generated by the swirl
flow gradually weaken, allowing gravity and centrifugal forces to take precedence. Over
longer flow distances, this decay of swirl intensity leads to a gradual coalescence of particles
toward the pipe’s centerline. This redistribution has critical implications for pipeline safety
and efficiency. For instance, at medium and low flow rates, the reduced swirl intensity is
insufficient to overcome gravitational settling, resulting in significant particle deposition
along the lower walls of the pipe. This buildup not only increases the likelihood of flow
blockages but also reduces the pipeline’s effective carrying capacity. Conversely, at higher
flow rates, the residual swirl motion and axial velocity are sufficient to carry the particles
through the pipeline, minimizing the risk of deposition.

3.4. Hydrate Particle Deposition Laws

In the study of hydrate particle deposition within pipelines, the deposition rate pa-
rameter is introduced as a key metric, defined as the percentage of particles deposited per
unit of time relative to the number of particles entering the pipeline section in the same
timeframe. Mathematically, the deposition rate can be expressed as follows:

o= Naep  100% (18)
Nin

where Ny, is the number of particles deposited in the pipe; Ny, is the number of particles

entering the pipe.

To evaluate hydrate particle deposition under various conditions, numerical simula-
tions were performed, considering the following influencing factors: bending angle of the
pipeline, diameter ratio of the bending pipe, twisted rate of the flow, and Reynolds number.
The deposition behavior was analyzed in relation to these parameters, and the resulting
variation curves are depicted in Figure 10.

Figure 10a illustrates the correlation between deposition rate, Reynolds number, and
twisted rate. The results indicate a sharp decline in the deposition rate as the Reynolds
number increases. Specifically, at a Reynolds number of 20,000, the deposition rate drops
below 1% for all conditions. This behavior is attributed to the enhanced strength of
the swirl flow with increasing Reynolds numbers. Stronger swirl flows counteract the
gravitational forces responsible for particle deposition, thus reducing the rate of deposition.
Conversely, a decrease in the twisted rate also contributes to a reduction in the deposition
rate. This is because a lower twisted rate enhances the helical flow strength within the
pipeline, generating shear forces that prevent particles from settling. As a result, under
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the combined effect of high Reynolds numbers and low twisted rates, the deposition rate
remains minimal.
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Figure 10. Variation curves of particle deposition rate in elbow under different influencing factors.
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Figure 10b demonstrates the relationship between the deposition rate and the bending
angle of the pipeline. A larger bending angle corresponds to a lower deposition rate.
This phenomenon can be explained by the smoother velocity transitions associated with
increased bending angles. When the flow traverses a pipe with a larger bending angle, the
velocity and swirl strength experience less significant losses, allowing hydrate particles
to remain suspended and flow out of the pipeline more effectively. Furthermore, larger
bending angles contribute to improved particle dispersion, reducing the tendency of
particles to accumulate along the outer wall of the pipe. This minimizes localized deposition
and ensures a more uniform distribution of particles within the flow.

Figure 10c highlights the influence of the bending pipe diameter ratio on the deposition
rate. An increase in the diameter ratio generally leads to a decrease in the deposition rate.
At lower Reynolds numbers, the impact of the diameter ratio is particularly pronounced,
with significant differences in deposition rates observed across varying diameter ratios.
However, as the Reynolds number rises, these differences gradually diminish. This behavior
can be attributed to the geometry of the bending pipe. A higher diameter ratio results in
a gentler pipe curvature, which minimizes particle velocity losses and enables a quicker
recovery of flow velocity after exiting the bend. Consequently, particles are more likely
to remain suspended and flow out of the pipeline, reducing the deposition rate. At lower
Reynolds numbers, the fluid’s kinetic energy is insufficient to prevent particles from
aggregating along the outer wall of the pipe, especially in pipes with smaller diameter
ratios. This aggregation reduces the effective flow area, causing sharper velocity changes
and greater energy losses. However, at higher Reynolds numbers, the increased flow
velocity diminishes the differences in deposition rates caused by variations in the diameter
ratio, as particles are carried through the pipeline more efficiently.

4. Conclusions

This study investigates the behavior of gas hydrate particles in bending pipelines
under the influence of swirl flow, using numerical simulations to analyze the effects of
bending angles, pipe-to-diameter ratios, Reynolds numbers, and twist rates. The findings
reveal that larger bending angles and higher Reynolds numbers enhance swirl flow intensity,
reducing hydrate particle deposition. A decrease in twist rate helps sustain swirl flow,
preventing particle accumulation. The results indicate that optimizing pipeline parameters,
such as increasing Reynolds numbers and selecting appropriate bend geometries, effectively
minimizes hydrate deposition and ensures safer, more efficient pipeline operations. These
insights contribute to the development of improved strategies for gas hydrate transport
and pipeline design.

This study has limitations, including the exclusion of pipeline roughness, hydrate par-
ticle size variations, and thermal fluctuations. Future research should clarify the interaction
between swirl flow and hydrate deposition, particularly transition mechanisms governing
particle retention and aggregation. Investigating turbulence, centrifugal forces, and hydrate
adhesion will enhance understanding. Experimental validation and advanced multiphase
models are crucial for improving predictive accuracy. Addressing these challenges will
enable more effective swirl-based flow control strategies, enhancing pipeline reliability and
mitigating hydrate deposition. Data availability statement: the data presented in this study
are available on request from the corresponding author.
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