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ABSTRACT

Critical non-silting velocity, a key parameter in slurry pipeline transport
systems, significantly influences operational conditions and economic viability.
A lower critical non-silting velocity is advantageous for reducing energy
consumption, minimizing pipeline wear, and enhancing system stability. To
achieve this objective, this study proposes a method to improve the particle
suspension state within slurry pipelines through the addition of a swirler. The
research comprehensively investigated variations in the critical non-silting
velocity under diverse conveying conditions, comparing scenarios both with and
without the swirler. The results demonstrate that the swirler induces a
circumferential flow within the pipeline. This flow exerts a drag force on
particles, promoting their transition from a settled state to a non-silting flow
regime, thereby reducing the critical non-silting velocity. For slurries
characterized by low concentration, small particle size, and low density, the
circumferential kinetic energy required to alter their flow state is smaller;
consequently, the reduction in critical non-silting velocity is more pronounced.
The calculation model of critical non-silting velocity considering the swirl
characteristics was established. Compared to experimental values, the model
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yields an average error of 9.10% and a maximum error of 14.08%.

1. INTRODUCTION

With the gradual depletion of shallow coal resources
(Zhang et al., 2023), the extraction of deep-earth minerals
has emerged as an inevitable global trend, particularly in
China (Chen et al., 2023). To address the challenges of
deep resource exploitation, Xie et al. (2017a,2017b, 2018,
2019) pioneered a transformative technical framework: in-
situ fluidized mining of deep coal. This approach
integrates unmanned, intelligent shield operations for
underground coal extraction with the conversion of coal
into transportable fluidized media-including liquefied,
gasified, electrochemical, and biological forms-for
subsequent surface delivery.

For ultra-deep mines, conventional wire-rope hoisting
systems prove economically and operationally inadequate
to meet the demands of fluidized coal transport (Singh, et
al. 2016; Wang, et al. 2019; Galy & Giraud, 2023). Given
the inherent advantages of pipeline hydraulic conveyance-
superior continuity, efficiency, and controllability (Das, et
al. 2020, 2021) this technology represents a viable solution

for post-fluidization coal transport. Recently, our research
group proposed a deep coal fluidization pipeline lifting
system (Bao, et al. 2022), wherein fluidized coal slurry,
pressurized through multiple stages, replaces skip-hoist
transport and is pumped directly to the surface.

Current research on pipeline transport predominantly
focuses on fine-particle slurries (Ma, et al. 2017).
However, reduced particle sizes substantially increase
slurry preparation and dewatering costs. Post-dewatering
challenges include excessively fine particles that
exacerbate dust pollution and complicate material
handling (Li, et al. 2021). Consequently, increasing coal
particle diameter represents a critical development
pathway for pipeline technology (Li, et al. 2021),
particularly in regions with limited infrastructure and
harsh operating environments.

While the deep coal fluidization pipeline lifting
system operates primarily in vertical orientation, its
design necessarily incorporates horizontal sections. In such
configurations, larger particles tend to settle under gravity,
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NOMENCLATURE

o volume fraction of the fluid

Pl fluid density

u fluid velocity

U, fluid velocity vector

\Y%4 horizontal and vertical gradient operator

o fluid viscosity

§l source term of momentum exchange
between fluid and particle

F ' solid-liquid interaction force

Op particle volume fraction

Veenl fluid computing unit

volume of particle 7 in the cell

np number of particles in a cell

particle fluid dynamics used in the DDPM
model to consider the interaction between
particles (such as particle collision,
translation, etc.)

u; particle i velocity vector

m; mass of the particle

Uc critical non-silting velocity

Cv volume concentration

ds particle diameter

Ds particle density

D pipeline inner diameter

S swirl intensity

So initial swirl intensity

B decay rate of swirl intensity
%(Zsa) spiral flow attenuation function
Zsd distance from the outlet of the swirler

creating heterogeneous slurry concentration distributions.

This stratification elevates frictional losses during
transport (Singh, et al. 2019) and may precipitate pipeline
blockage in severe instances.

Swirlers can induce spiral flow fields within
pipelines, thereby modifying particle dynamics. Although
spiral flow attenuation limits their effectiveness in long-
distance surface conveyance, it presents a viable solution
for managing short horizontal segments within deep coal
fluidization lifting systems (Sun, et al. 2012).

In the 1990s, researchers from Taiyuan University of
Technology's Department of Hydraulics pioneered the
application of pipe-generated helical flow to sediment
transport (Zhao, 2024). Subsequent research by domestic
and international scholars has significantly advanced this
field. Zhou et al. (2016) developed a side-inlet guide vane
swirl generator, demonstrating that both medium-swirl
configurations at low mean velocities and weak-swirl
regimes at high velocities enhance stability in pneumatic
lump-coal conveyance. Li et al. (2021) investigated guide
vane angle effects on velocity distributions during spiral-
flow transport of barreled materials. They determined that
increased  installation  angles  generate  higher
circumferential velocities while promoting more uniform
axial flow profiles. In a separate study, Zhou et al. (2016)
positioned twisted tapes upstream of pipe elbows to induce
spiral airflow. Their results revealed that reduced twist
ratios and proximity to elbows significantly improved
wear mitigation. Most recently, Zhao et al. (2023)
installed guide-vane swirlers upstream of coal slurry
pipelines. Their comprehensive analysis quantified elbow
wear reduction mechanisms and morphological evolution
under swirling flows, establishing a predictive model
correlating vane parameters and operational conditions
with maximum wear rates, experimentally validating the
elbow protection efficacy.

The critical non-silting velocity, defining the
minimum operational velocity for slurry pipelines,
constitutes a fundamental design parameter in hydraulic
conveying systems. Accurate determination of this
velocity is essential for successful pipeline operation.

Durand (1952) first established a computational model for
the transition velocity at which particles shift from
suspension to bedload motion (sliding or rolling along the
pipe bottom). Subsequent refinements by Shook and Wasp
enhanced this model by correlating the Froude number
with slurry concentration and relating the hydraulic
gradient to critical velocity.

Current research on the critical non-silting velocity
mainly focuses on the axial flow field of the pipeline. The
influence law of the spiral flow field generated by the
swirler on the critical non-silting velocity is still unclear.
Revealing the variation of slurry critical non-silting
velocity in swirler-induced spiral flow fields and
establishing a predictive model provides crucial
theoretical foundations for enhancing the safety and
economic viability of deep coal fluidization pipeline
lifting systems.

2. METHOD

2.1 Numerical Simulation Model

Given the transport characteristics of the target slurry,
a guide vane swirler, which features high structural
strength, low energy consumption, and an unrestricted
installation position, has been selected as the research
subject (Zhao, et al. 2024). Modification of its structural
parameters directly modulates spiral flow characteristics
within the pipeline (Saad & Baria, 2014; Baria & Saad,
2013; Kim, et al. 2023), subsequently governing particle
transport dynamics and ultimately determining pipeline
system performance (Bao, et al. 2025).

The internal flow field of the simulation model was
divided by tetrahedral meshes, and the Element Quality
and Element Quality of the grid are both above 0.8, as
shown in Fig. 1 (Singh, et al. 2020).

The Euler-Lagrange method was used for the
numerical simulation of solid-liquid two-phase flow in
pipelines, and the fluid control equations are shown below
(Li, et al. 2024):

(1) Continuous phase equations
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where, o is the volume fraction of the fluid. p; is the fluid

density. u is fluid velocity. 1 is the fluid velocity vector.

V is the horizontal and vertical gradient operator. g is the

fluid viscosity. S; is the source term of momentum

exchange between fluid and particle. ﬁd is solid-liquid
interaction force. aj, is the particle volume fraction. Ve is
a fluid computing unit. ¥, is the volume of particle i in
the cell. n, is the number of particles in a cell.

(5) Particle motion equation

Based on the Euler-Lagrange method, the DDPM
model is selected to solve the motion law of the particle
phase in the pipeline. To overcome the limitation of the
discrete phase volume fraction, based on Newton's second
law of motion, the motion model equation for solid
particles can be expressed as follows:

du ror 3¢, |u -
i—i:miﬂu,Vul+mi—Di—l
) 4 d )
r
mg(pP. =p) , r
x(u, —u) )+ == B

Py

where, m; is the mass of the particle i. u; is the particle i
velocity vector. ps is the particle density. d; is the particle
diameter. Cp is the drag coefficient. FKTGF is the particle
fluid dynamics used in the DDPM model to consider the
interaction between particles (such as particle collision,
translation, etc.). On the right side of Eq. (5), the first term
is the pressure gradient force, the second term is the drag
force of the fluid on the particles, and the third term is the
buoyancy force of the particles.

2.2 Pipeline Transport Test Equipment

To verify the swirler's impact on slurry transport
process, this paper selects the critical non-silting velocity
as an evaluation metric, and constructs the experimental
setup shown in Fig. 2.

Photostudio

Camera
tripod

Upper computer

Fig. 2 Critical non-silting velocity test device
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Fig. 3 Real coal particle conveying test
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Fig. 4 Critical non-silting velocity detection method

In the experiment, it was found that the actual coal
particles as shown in Fig. 3(b) would contaminate the
pipeline during transportation, which was not conducive
to the camera capturing the transportation state of the
particles in the pipeline and was not conducive to
observing the critical non-silting velocity, as shown in Fig.
3(c). Therefore, in this paper, PVC particles with a density
similar to that of coal and not contaminating the pipeline
were customized to replace the coal particles for the
experiment, as shown in Fig. 3(d). The test particles were
screened and filtered using the sieve shown in Fig. 3(a),
and their ratio to water was adjusted to prepare slurries of
different concentrations, densities, and diameters.

The swirler was custom-made using 3D printing
technology. The critical non-silting velocity - defined as
the minimum flow velocity initiating motion of all
deposited particles at the pipe bottom - was measured
using a WP-UT130/M high-speed industrial camera
through the transparent pipeline section. In this
experiment, the "Visual Observation Method" was
adopted to measure the critical non-silting velocity (Gao,
et al. 2016). Specifically, the flow velocity of the pump
was adjusted from low to high via a PLC (Programmable
Logic Controller). When the flow velocity reached 0.146
m/s, some particles deposited at the pipeline bottom began
to move in a suspended state within the pipe, as shown in
Fig. 4(a). As the flow velocity increased, the number of
suspended particles grew, though partial particles still
deposited at the pipeline bottom. When the flow velocity
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further increased to 0.848 m/s, all particles stationary at
the pipeline bottom started to move forward, as shown in
Fig. 4(b). This paper defines the transport velocity
corresponding to the particle state shown in Fig. 4(b) as
the critical non-deposition velocity. Each working
condition was tested 5 times during the experiment, and
the average value of all results was taken as the final result.

Table 1 Parameters of test equipment

Equipment name Parameters Value
Sl um Head (m) 63
Ty pump Flow (m*/h) 50
Measuring range
Pressure sensor (kPa) 0-10
Flow sensor Measuring range 0-7
(m/s)
High-speed Framft rate . 1280x1024
. . Resolution ratio
industrial camera 210
(fps)
3. RESULTS

To master the variation of slurry critical non-silting
velocity under the action of the swirler, the motion of
particles in the conveying pipeline under the action of the
swirler was studied by simulation test, and then the critical
non-silting velocity test under different conveying
conditions was carried out by simulation test bench.
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3.1 Particle Settlement in Conveying Pipeline with and
Without a Swirler

To investigate swirler-induced modifications in
transport behavior of large, sedimentation-prone particles,
simulations were performed for 5-mm coal particles in
horizontal pipelines (Fig. 5). Fig. 5(al) demonstrates that
without swirlers, particles progressively settle along the
pipeline under all conveying velocities, and then move
forward along the bottom of the pipeline. Lower
conveying velocities accelerate this gravitational settling,
which also corresponds to the proportion of large particles
in the outlet cross-section of the pipe in Fig. 5(bl).

As illustrated in Fig. 5(a2), the incorporation of the
swirler results in distinct variations in the movement
patterns of large particles advancing along the pipeline
bottom under different conveying velocities. At low
conveying velocities (v=1 m/s), large particles exhibit a

slight upward trajectory upon passing through the swirler,
yet they rapidly settle back to the pipeline bottom shortly
thereafter. With increasing conveying velocity, the
duration of the upward movement induced in large
particles after passing through the swirler is prolonged.
Notably, when the conveying velocity reaches or exceeds
4 m/s, large particles adopt a spiraling forward motion in
the downstream region of the swirler - a behavior that
aligns with the distribution proportion of large particles
observed in the outlet cross-section of the pipeline as
presented in Fig. 5(b2).

3.2 Variation of Critical Non-silting Velocity of Slurry
under the Action of a Swirler

Slurry concentration, particle diameter, particle
density, and pipe inner diameter have significant effects
on the critical non-silting flow velocity. Previous studies
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Fig. 6 Critical non-silting velocity test results

have shown that the addition of a swirler will affect the
particle motion state, but no studies have shown the
change law of critical non-silting flow rate after the
addition of a guide vane swirler. Therefore, the critical
non-silting velocity tests were carried out according to the
test scheme shown in Table 2, and the test results are
shown in Fig. 6.

3.2.1 Variation of Critical Non-silting Velocity Before
Adding Swirler

As can be observed from Fig. 6(a), the critical non-
silting velocity shows a trend of first increasing
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significantly and then decreasing slowly with the increase
in volume concentration. This phenomenon can be
attributed to two main factors: on the one hand, when the
volume concentration is low, increasing the slurry
concentration will suppress the degree of turbulence and
weaken the supporting force for particles, thus requiring a
higher velocity to maintain the particles in a suspended
state. On the other hand, when the concentration is high,
the viscosity of the slurry increases with the concentration,
making it more difficult for particles in the pipeline to
settle, which in turn leads to a decrease in the critical non-
silting velocity.
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Table 2 Critical non-silting velocity test scheme

Test Volume .| Particl Plpe Particle
concentrati . diamet .
numbe e size density
r on (mm) o (kg/m’)
(%) (mm)
a 10~50 5 50 1400
b 20 0.1~5 50 1400
20 5 50~200 1400
d 20 5 50 1 1000~l 50

As depicted in Fig. 6(b), the critical non-silting
velocity increases with particle diameter. This relationship
occurs because larger particles (whose density is greater
than that of water) experience greater gravitational
settling. Consequently, greater circumferential kinetic
energy input becomes necessary to maintain suspension,
thereby elevating the critical non-silting velocity.

As shown in Fig. 6(c), the critical non-silting velocity
increases with the increase in particle density. The reason
is similar to that when the particle diameter increases, and
thus will not be reiterated herein.

Considering the difficulty of modifying the pipe
diameter on the already built test bench, simulation tests
are used to replace physical bench testing. The critical
non-silting velocities under different pipe diameters are
shown in Fig. 6(d), and the two are positively correlated.
This trend can be attributed to two aspects: on the one hand,
the larger the pipe diameter, the more difficult it is for the
particles to return to their original positions after
sedimentation, which is not conducive to particle
suspension. On the other hand, the larger the diameter of
the pipe, the greater the turbulent kinetic energy, which
promotes the suspension of particles. Judging from the
results, the former reason is dominant.

3.2.2 Variation of Critical Non-silting Velocity After
Adding Swirler

The introduction of swirlers reduced critical non-
silting velocities across all conveying conditions
compared to that without swirlers. This was because
before the swirler was incorporated, the flow field within
the pipeline belonged to an axial flow field. Once the
swirler was added, the axial flow field was converted into
a spiral flow field, while swirl-induced spiral flows impart
circumferential drag forces (Fig. 7). These forces generate
upward particle migration above the deposition layer and
induce spiral trajectories along the pipe wall beneath it.

As demonstrated in Fig. 6(a), the critical non-silting
velocity reduction was more substantial at lower
concentrations. This phenomenon occurs because
increased concentration requires greater circumferential
velocities to reestablish non-silting conditions at constant
swirler settings. Previous studies confirm that
circumferential velocity is proportional to conveying
velocity when the guide vane geometry remains fixed.

As evidenced in Fig. 6(b), the critical non-silting
velocity reduction induced by the swirler is more
pronounced for smaller particle diameters, with efficacy

€
=
=
5
£
&
]
£
rd
B
=
El
z

Gravity

Radial force analysis of particles
on the bottom of pipeline

' Radial force analysis of particles

above fixed bed
Fig. 7 Schematic diagram of particle motion analysis
under the action of swirler

diminishing for larger particles. This size-dependent
response aligns with Eq. (6), where particle settling
velocity scales proportionally with diameter. Therefore,
the smaller particles can reach a non-silting state with a
lower flow velocity under the action of the swirler.

v = i(ps_—p)% (6)

st 3 p c,

Equation (6) confirms that particle settling velocity
scales proportionally with density. Consequently, lower-
density particles exhibit greater responsiveness to swirl-
induced circumferential flow, facilitating more efficient
transitions from deposition to non-silting flow states,
which is consistent with the result shown in Fig. 6(c).

As can be observed from Fig. 6(d), the swirler has a
greater impact on the critical non-silting velocity when the
pipe diameter is large. The reason is that the larger the pipe
diameter, the relatively smaller the angle between the
bottom wall of the pipeline and the horizontal plane, and
the greater the supporting force when the particles move
upward along the pipe wall. Therefore, the particles in a
large-diameter pipeline are more likely to leave the bottom
of the pipeline, ultimately resulting in a lower critical non-
silting velocity.

4. CALCULATION MODEL OF CRITICAL NON-
SILTING VELOCITY CONSIDERING THE SWIRL
CHARACTERISTICS

The incorporation of the swirler transforms the axial
flow field in the conveying pipeline into a spiral flow
field, which is more conducive to particle suspension.
The critical non-silting velocity is defined as the flow
velocity at which all particles that were stationary and
deposited at the bottom of the conveying pipeline start to
move forward. Therefore, the critical non-silting velocity
in the spiral flow field of the pipeline must take the
influence of swirling flow characteristics into account.
Therefore, by analyzing the functional relationship
between the critical non-silting velocity and its
influencing factors under the action of the swirler, a
calculation model of the critical non-silting velocity
considering the characteristics of the swirling flow is
established in the following.
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Fig. 8 Fitting curve of critical non-silting velocity

4.1 Functional Relationship between Critical Non-
silting Velocity and Its Influencing Factors

As can be seen from the above content, the critical
non-silting velocity Uc exhibits strong functional
dependencies on volumetric concentration Cy, particle
diameter ds, particle density ps, and pipe inner diameter D.
There are commonalities in the structural forms of the
critical non-silting velocity calculation models proposed
by different scholars, as shown in Eq. (7). Combined with
the research results on the influence laws of the critical
non-silting velocity, the dimensional analysis method is
employed to analyze the functional relationships among
the volume concentration, particle diameter, and critical
non-silting velocity under the action of the swirling
device. Meanwhile, taking into account the impact of the
swirling device on the critical non-silting velocity, the
critical non-silting velocity calculation model is modified.

U&tkDQll@ (7)
ol

Volumetric concentration exerts antagonistic effects
on critical non-silting velocity: on the one hand, the
increase in volume concentration leads to an increase in
slurry viscosity, and the particles are more difficult to
settle. On the other hand, the increase in volume
concentration can inhibit the turbulence intensity, which is
not conducive to particle suspension. We proposed Eq. (8)
to describe these two effects. The fitting results are shown
in Fig. 8(a), and the final functional relationship is shown
in Eq. (9).

y=a-x"(1-x) ®)
where, a, b and ¢ are undetermined coefficients.
Uc < f I:C339 -1- Cv )072 ] ©9)

The critical non-silting velocity scales proportionally
with both particle diameter and pipe diameter. We select
the dimensionless diameter ratio dy/D, as the governing
parameter. The fitted functional relationship (Fig. 8b)
yields the empirical correlation expressed in Eq. (10).

Ue mf{[%) } (10)

While swirlers universally reduce critical non-silting
velocity by mitigating particle sedimentation under
identical conveying conditions, the quantitative
relationship between swirl characteristics and critical non-
silting velocity remains empirically unquantified. To
resolve this, we systematically measured critical velocity
variation against initial swirl intensity So, as shown in Fig.
8(c), where Sy is defined by Eq. (11). The resulting
functional correlation between initial swirl intensity and
critical velocity is established in Eq. (12).

S:SOe*ﬁ(ZSD/D) (]1)

Ueee f(1-5,)"" ] (12)

Where, Sy is the initial swirl intensity. £ is the decay
rate of swirl intensity, and its value is related to the guide
vane parameters of the swirler and the conveying velocity.

4.2 Construction and Modification of Calculation
Model of Critical Non-silting Velocity

Synthesizing Egs. (9), (10), and (12) yields a
comprehensive critical non-silting velocity model
incorporating swirl characteristics, as formalized in Eq. (13).

Up = K JgpB=PD cos
Py

0.35 (13)
0.72 i ' _ 1.51
(1-Cy) (Dj (1-5,)

The spiral flow induced by the swirler undergoes
progressive attenuation per Eq. (11). This decay implies
that beyond sufficient downstream distance, the flow's
anti-sedimentation effect diminishes, reverting to baseline
axial transport characteristics. We establish the distance-
dependent attenuation function in Eq. (14) and incorporate
it into the critical non-silting velocity model's swirl

parameterization, yielding the position-corrected
formulation in Eq. (15).
X(st) :e’ﬂ(zsd/D) (14)

UC =K gD Mc\(}39 (1 _ CV)0,72

!

e (15)
(g} (1=8, 1(Z)™

3275



S. Zhao etal. / JAFM, Vol. 19, No. 1, pp. 3268-3279, 2026.

Table 3 Bench verification test scheme for calculating
model of critical non-silting velocity

velocities for swirler-induced helical flows in slurry

pipelines.

5. CONCLUSIONS

This paper proposes a measure of installing a swirler
to solve the problem of particle sedimentation in
horizontal conveying pipelines. Through simulation and
bench tests, the following conclusions have been obtained.

Test group Cv ds / mm ps / kgm?
1 20% 0.2 1100
2 20% 0.5 1500
3 20% 5 1300
4 35% 0.2 1500
5 35% 0.5 1300
6 35% 5 1100
7 50% 0.2 1300
8 50% 0.5 1100
9 50% 5 1500

Based on empirical data from Fig. 6, the calibration
constant K in Eq. (15) was determined through non-
intercept linear regression analysis using SPSS software.
Values of particle concentration, diameter, density, and
pipe diameter across all experimental conditions were
substituted into Eq. (15). A regression-through-the-origin
model (no intercept) was implemented, yielding a fitted
value of K=15.54 (R*=0.997, Sig. value is 5.78E-36).

To verify the accuracy of the established critical non-
silting velocity model, a bench verification test was
conducted by employing the established critical non-
silting velocity test apparatus following the test scheme for
the calculation model of the critical non-silting velocity
presented in Table 3. Figure 9 illustrates the particle
motion states corresponding to the various groups in the
critical non-silting velocity verification test.

It can be observed that before the attainment of the
critical non-silting velocity by the conveying velocity,
particles were deposited at the bottom of the pipeline in
each test group (as indicated by the yellow box in Fig. 9).
Once the flow velocity was increased to the critical non-
silting velocity, all particles moved forward along with the
flow field. Among these, in Fig. 9 (a), (d), and (g), the
particle diameter under the corresponding working
conditions is 0.2 mm. Due to the relatively small particle
diameter, when the non-silting flow commences, the
slurry within the conveying pipeline becomes more turbid
compared to the situation where the particle size is larger.

Comparative analysis in Fig. 10 demonstrates that the
critical non-silting velocity model proposed in this study
maintains alignment with other scholars' models in overall
trend while achieving superior accuracy. Our model
exhibits  significantly = reduced deviation from
experimental values, with a mean absolute error of 9.10%
and maximum error of 14.08%.

Furthermore, Test Groups 1, 2, 4, 5, 7, and 8 exhibit
significantly smaller deviations between experimental
values and our model predictions compared to other
scholars' models. Analysis of corresponding transport
parameters reveals these groups share the distinctive
feature of fine particle sizes (0.2-0.5 mm). This aligns with
the established particle diameter dependence: swirl
generators preferentially modify sedimentation dynamics
of fine particles through enhanced rotational coupling,
substantially reducing their critical non-silting velocity.
The model's superior performance across these conditions
confirms its efficacy in predicting critical non-silting

.- _Flow direction

Uc=0.605 m/s

Flow direction

Uc=0.395 m/

Flow direction

U= 0.356 m/s

Deposited particles

FElow direction 3
s B s s WL =

Uc=1.385 m/s

Fig. 9 Particle motion state of critical non-silting
velocity verification test. a-i represents test group
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Fig. 10 Comparison of calculated model and test values. a-g is the calculation model of Durand, Wasp, Turian,
Shook, Badcock, and this paper respectively

1) Swirlers transform axial flow into spiral flow fields
within pipelines. The drag force of the circumferential
water flow causes the particles to rise and move along the
pipe wall. The pipe wall provides a supporting force, and
the circumferential flow velocity can lift the particles that
may settle again, making the particles more likely to be
suspended. Consequently, the critical non-silting velocity
is reduced.

2) The critical non-silting velocity exhibits a trend of
initially increasing and then decreasing with the increase
in volume concentration, while it tends to increase with
larger particle diameters, higher particle densities, and
larger pipeline diameters. Swirler efficacy in reducing
critical non-silting velocity is maximized under low-
concentration conditions with small particle diameters and
low-density particles. This phenomenon stems from the
enhanced hydrodynamic responsiveness of smaller or
lower-density particles to circumferential flows, where
reduced particle inertia facilitates motion-state
modification under rotational forcing. In larger-diameter
pipes, reduced wall curvature decreases the effective
gravitational force component normal to the surface. This
geometric configuration enhances normal force efficacy
during particle uplift, significantly facilitating detachment
from deposition zones and thereby reducing critical non-
silting velocity.
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3) A predictive model for critical non-silting velocity,
incorporating swirl flow characteristics and augmented
with helical flow decay dynamics, has been developed.
This model demonstrates exceptional agreement with
experimental data, particularly for fine-particle slurries,
achieving a mean absolute error of 9.10% and a maximum
error of 14.08%.
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