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Abstract:
three-dimensional flow structure characterized by a “blind-channel reach,” which consequently induces sediment
deposition in the inlet region. Taking a diversion channel of the Middle Route of the South-to-North Water Diversion
Project as a case study, a three-dimensional numerical model is established to systematically investigate the flow

In long-distance water diversion projects, channel bifurcation zones are prone to developing a

characteristics in the inlet region as well as the transport and deposition behavior of suspended particles. The results
indicate that flow separation of the main current occurs in the inlet area. Under the combined effects of shear stress and
pressure gradient, a three-dimensional circulation system is formed through the coupling of horizontal and vertical
vortical structures. In this process, flow separation provides the spatial condition for circulation development, shear
stress acts as the driving mechanism, and the water level difference maintains the stability of the circulation pattern.
Based on Lagrangian particle tracking of sediments with different densities, the transport pathways and deposition
processes of particles in the inlet region are further elucidated. A coupled sedimentation mechanism is proposed,
characterized by “main flow deflection — circulation-induced retention and re-entrainment — particle settling,” which
clarifies the intrinsic hydrodynamic mechanism governing sediment accumulation in channel bifurcation zones.

Key words: blind-ended channel reach; diversion channel; circulation; sediment

deposition

0. Introduction

In water transfer projects, the downstream end of a
channel is often in a closed condition, resulting in a
channel configuration characterized by an “open inlet
and closed end,” within which backflow phenomena
similar to those observed in blind-ended channel
reaches may develop in the inlet region[l1].
Experimental studies on flow partitioning in diversion
channels have primarily been conducted using the
momentum equation[2][3], energy equation[4], and
dimensional analysis[5][6][7]. The diversion width can
be determined based on streamline patterns[8][9].
Different diversion angles can lead to significant
variations in pressure distribution, turbulence intensity,
and energy loss in the bifurcation region[10][11][12].
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Computational fluid dynamics (CFD) provides a
framework in which physical models are established
and the Navier—Stokes (N-S) equations are solved
numerically to obtain solutions under specified
boundary conditions[13].Both the Reynolds-averaged
approach and the RNG k—¢ turbulence model have been
demonstrated to be effective for numerical simulations
of open-channel flow division[14][15][16].

The flow structure at bifurcation regions exhibits
strong three-dimensional characteristics, this structure
is similar to that observed in curved channel flows[17].
Such complex hydrodynamic features lead to
substantial differences between sediment diversion
ratios and water discharge ratios in Dbifurcated
channels[18]. In practical water transfer systems,
sediment concentrations in branch channels are
typically higher than those in the main channel, and
severe sediment deposition is often observed along the
bed of branch channels[19]. Such deposition processes
may reduce the hydraulic efficiency of water
conveyance systems and increase maintenance
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requirements. To address this issue, scholars have
discovered that guide vanes can weaken and disrupt the
lateral circulation at the branch outlet, making them an
effective measure to prevent sediment particles from
entering the branch channel[20][21][22].

Previous studies have mainly focused on
conventional sediment particles; however, in
open-channel water transfer systems, impurities are
dominated by fine-grained sediments and organic
matter. Their transport and deposition behaviors at
bifurcation zones remain insufficiently understood. In
addition, existing research has rarely addressed the
coupled effects of planar circulation, vertical circulation,
and sediment deposition processes. The fact that water
flow structure can enhance particle residence time,
causing particles to undergo multiple transport,
resuspension, and sedimentation processes is
overlooked. And the sediment accumulation in water
transfer channels cannot be fully explained only by
local velocity reduction or particle settling velocity.
Therefore, a  three-dimensional  hydrodynamic
perspective is essential for revealing the interaction
mechanism between complex flow structures and
sediment accumulation.

This study aims to investigate the influence
mechanisms of sediment deposition from the
perspective  of  three-dimensional  hydrodynamic
structures. Based on three-dimensional numerical
simulations, the RNG k—¢ turbulence model and a
Lagrangian particle tracking model are employed to
analyze  the  three-dimensional  hydrodynamic
characteristics of diversion channels and their inlet
regions under complex flow conditions, and to
elucidate the deposition mechanisms of impurity
particles from the viewpoint of flow structure.

1. Methodology and Framework Overview

1.1 Renormalization Group turbulence model

In nature, most fluid motions exhibit turbulent
characteristics. Turbulence models are therefore
commonly employed to simulate energy dissipation
induced by vortical structures in viscous flows[23].
The RNG (Renormalization Group) turbulence model
is theoretically based on the renormalization group
approach[24]. By modifying the statistical
characteristics of eddies across different scales and
introducing additional terms into the governing
equations, the model achieves improved numerical
accuracy under complex flow conditions. In particular,
it provides more stable and reliable results when
simulating flow separation, strong shear flows, and
localized recirculation phenomena.
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The transport equations for turbulent kinetic
energy (k) and its dissipation rate (¢) are given as
follows:

Turbulent kinetic energy equation:

a J
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where: p, denotes the turbulent viscosity
coefficient; €, = 0.0845; Gj represents the

production term of turbulent kinetic energy induced
by mean velocity gradients; €;,=1.42[25], C,~=1.68;
a;, and a; are the effective Prandtl numbers, both
equal to 1.39.

1.2 The Lagrangian particle model

The Lagrangian particle tracking model treats
particles as independent discrete phases and tracks
their individual trajectories within the flow field,
thereby enabling the simulation of particle transport,
settling, and deposition processes. Because the
Lagrangian framework directly follows the time
evolution of particle trajectories[26], it provides a
more intuitive description of transport, dispersion, and
settling processes in fluids, and can explicitly
represent particle paths as well as their interactions
with the surrounding flow field.

The particle motion equation is given as:

dy, 1 p
d—tp: —EVP+g+,8(u—up)|u—up| a
Madded [ Au dy
 Modded (u _ Z2) @)

where: u, and p, denote the particle velocity
and particle density, respectively; g represents
gravitational acceleration acting on the particle; u and
P are the fluid velocity and pressure, respectively;
B is the drag-related coefficient; my, is the particle
mass; and mg4404 denotes the added mass of the
surrounding fluid. For spherical particles, the added
mass is assumed to be equal to one-half of the mass of
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the displaced fluid.

1.3 Initial conditions

First, a preliminary simulation was conducted for
the area encompassing the discharge channel and the
190-meter stretch of the upstream main channel to
characterize the natural settling process of particles
released from the inlet boundary. Regarding boundary
conditions: the upstream channel boundary was
defined as a pressure inlet, with inflow conditions
controlled by specified flow rate and water level;
particles were released continuously and uniformly at
the inlet cross-section at a rate of 1,000 particles per
second; the downstream boundary at the channel end
was defined as a pressure outlet; the channel bottom
and side walls were set as no-slip solid boundaries; the
top boundary was defined as an atmospheric pressure
boundary; the initial water level throughout the
computational domain was set to 7 m; the fluid
medium was defined as an incompressible fluid at
20°C, with gravitational acceleration set to -9.81 m/s?;
and the channel roughness coefficient was set to 0.015.
1.4 Operating conditions

In natural water bodies and water conveyance
channels, the settling behavior of sediment and dust
particles is significantly influenced by particle size
and density[27]. Generally, particles with larger sizes
and higher densities are more strongly affected by
gravity, resulting in higher settling velocities and a
greater tendency to deposit in regions of reduced flow
velocity. In contrast, smaller and lighter particles are
more likely to remain suspended and be transported
with the flow, exhibiting stronger dispersion and
retention under turbulent conditions.

Accordingly, two representative particle types
are defined to characterize different impurity
constituents. Table 1 presents the parameter settings
under different flow conditions. Particle Type 1
represents suspended particles in the inlet region of
the diversion channel, while Particle Type 2
represents sediment particles entering the channel
from the natural environment. In this study, all
particles are assumed to be spherical, and
inter-particle collisions are neglected.

Table 1
Summary of simulation cases and particle properties
case Flow rate (m?/s) Water depth (m) Particle density (kg/m?) Particle diameter (mm)

case 1 164 7.09 1200 0.4

case 2 190 7.5 1200 0.4

case 3 200 7.38 1200 0.4

case 4 164 7.09 2650 0.15

case 5 190 7.5 2650 0.15

case 6 200 7.38 2650 0.15
1.5 Numerical model reliability assessment 0.8 6.1x10° 2.79%

To evaluate the reliability of the numerical model, 0.6 1.4x10° 1.31%

a mesh sensitivity analysis was conducted using 0.5 2.4x10° 0.82%
different spatial resolutions (Tab. 2). The variations in 04 4.8x10° 0.16%
velocity distribution, circulation scale, and pressure Since this study mainly focuses on flow

field under different mesh configurations were
compared. As the mesh resolution increased, the
simulated results gradually approached a stable
condition, indicating satisfactory mesh independence.
After comprehensively considering error margins,
computational efficiency, and the formation of
circulation patterns, a uniform cubic mesh with
dimensions of d, =d, =d, = 0.5m was selected,
resulting in a total of over 2.4 million mesh cells
across the computational domain.

Table 2

Mesh independence analysis

Mesh size(m) Cells Maximum velocity difference
1 3.1x10° 4.75%

separation and circulation development in the
bifurcation region, model evaluation was performed
not only based on velocity convergence but also on
the wvariation of circulation characteristics. The
location and intensity of vortex cores exhibited limited
changes after further mesh refinement, demonstrating
that the numerical model can effectively capture the
complex three-dimensional flow structures within the
diversion region.

2. Experimental Results and Discussion

2.1 Planar Circulation
As shown in Fig. 1, to overcome the limitation of
conventional velocity vector plots, which are mainly
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qualitative, the Q-criterion is introduced to
quantitatively identify the planar circulation structure
in the inlet region. The results indicate a distinct
region with Q > 0 in the inlet zone, representing the
dominance of local rotational motion and the
formation of a stable planar circulation structure. This
high-Q region is primarily distributed near the lower
boundary of the inlet, and the Q-value gradually
decays along the channel direction, indicating that the

(@

From a hydrodynamic perspective (Fig. 2),
momentum exchange occurs between the main flow
and the water body in the inlet region. This exchange
is manifested as the continuous action of shear stress
exerted by the main flow on the inlet water body.
Under sustained shear stress, the fluid near the
interface is driven to move downstream along with the
main flow. In addition, the presence of a downstream
revetment at the inlet (Fig. 2(b)) leads to a rise in
water level near the lower boundary, generating a
local water-level difference relative to the surrounding
flow. This results in a positive pressure gradient.
Under this pressure difference, the water near the
lower boundary flows toward both the interior of the
diversion channel, where the surrounding water level
is lower, and toward the upper boundary, forming a

(a)
Fig. 2 Vector plot and contour plot at 4.2m water depth

As the flow from the main canal passes the
entrance to the diversion channel, a sudden change in
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circulation intensity weakens downstream from the
circulation core. The flow velocity near the lower
boundary is generally higher than that near the upper
boundary; however, within the circulation region, the
overall velocity level remains significantly lower than
that in the main channel. The horizontal and vertical
axes of the circulation extend along the channel
cross-sectional direction and the channel centerline
direction, respectively.

, =
Fig. 1 Vector plot and contour plot at 4.2m water depth

gravity-compensated back flow characteristic of
blind-ended channel reaches, thereby sustaining a
quasi-steady circulation.

In summary, in the inlet region, the main flow
separates from the interface due to abrupt geometric
changes and an adverse pressure gradient, providing
spatial conditions for circulation development.
Meanwhile, shear stress induced by velocity gradients
promotes momentum exchange, serving as the driving
force of the circulation. In addition, the rise in water
level induced by the revetment leads to a local
hydraulic head difference, which drives return flow
into the diversion channel under pressure gradient
effects, thereby maintaining the stability and
persistence of the circulation structure

(b)

boundary conditions causes the main flow to separate
from the interface at the entrance, rapidly pushing the
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water away from that interface and into the diversion
channel. As shown in Figure 3, the water entering the
diversion channel can be subdivided into three parts
based on flow paths and directions: water in Zone 1
moves in a direction approximately parallel to the
canal's central axis immediately after entering the
diversion channel, without reaching the downstream
canal wall; water in Zone 2 changes direction upon
reaching the bank slope and flows back into the main
canal; and water in Zone 3 changes direction upon
reaching the bank slope and flows into the diversion
channel.

Consequently, the pressure difference resulting
from the change in boundary conditions causes the
water in the main flow region to separate from the
interface, thereby triggering the flow zonation at the
entrance. The results indicate distinct vertical
stratification in the flow field: water in the bottom

2.2 Vertical Circulation

As shown in Fig. 4, distinct closed circulation
structures are observed at all representative
cross-sections (i.e., the lower wall, channel center line,
and upper wall). The core regions of these circulations
correspond to pronounced Q > 0 zones, indicating the
dominance of rotational effects and the formation of
stable vortex cores. The maximum Q values at the
three sections are approximately 0.069 s2, 0.063 s2,
and 0.082 s, respectively, while the corresponding

>

A portion of the water along the bank slope is
also diverted away from the main flow and into the
channel (Fig. 5). The flow entering the entrance zone

(a)

(©)

Fig. 4 Longitudinal profile velocity distribution and Q-criterion vortex structure contour plot

layer enters the diversion channel due to the deflection
of the main flow; water in the middle layer exhibits a
recirculating flow structure; and water in the upper
layer flows back toward the main canal's flow region
in the opposite direction

Fig.3 Vector plots of flow velocity at different water depths

maximum shear stress values are 0.40 Pa, 0.38 Pa, and
0.51 Pa. The formation of vertical-plane circulation is
primarily driven by shear stress induced by vertical
velocity gradients, and the circulation intensity is
closely related to local shear stress. Both quantities
exhibit a gradual variation trend from the lower wall
toward the upper wall. This phenomenon indicates
that the vertical-plane circulation exhibits pronounced
spatial non-uniformity.

0.10
0.07
0.05
0.02
0.00

0.10
0.07
0.05
0.02
0.00

0.10
0.07
0.05
0.02
0.00

from the channel bed generates shear stress due to the
velocity gradient relative to the existing water in that
zone; this alters the flow direction of the surface water,
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and the three water components collectively form a
vertical circulation structure. In terms of spatial
distribution, the centers of the vertical circulation vary
across different cross-sections: from the upper wall to
the lower wall, the centers are located at depths of
approximately 4.54 m, 4.09 m, and 3.09 m,
respectively. Velocity vector plots reveal that water at
the bottom moves along the channel bed into the
discharge channel, while water in the upper layer
flows back in the opposite direction toward the main
channel flow, establishing a classic "inflow at the
bottom, outflow at the top" vertical circulation pattern.

3. Analysis of particle sedimentation

3.1 Qualitative analysis of particle sedimentation

As shown in Figure. 6, after entering the inlet
region, impurity particles gradually deposit along the
diversion channel, exhibiting an overall banded spatial
distribution.  Meanwhile, influenced by the
vertical-plane circulation structure, a portion of the
particles is transported upward into the upper water
layer and re-enters the main flow, demonstrating a
clear re-transport phenomenon. However, significant
differences are observed in the spatial distribution
patterns of different types of impurity particles within
the inlet region and the diversion channel.

Particles with a density of 2650 kg/m? tend to
settle toward the channel bed after entering the inlet
region. Their deposition zones are mainly
concentrated in the inlet region and the upstream
section of the diversion channel, with deposition
preferentially occurring near the upper wall, while
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Fig.5 Flow diagram of entrance area
relatively less deposition is observed near the lower
wall(Fig. 7). In contrast, particles with a density of
1200 kg/m? remain in a suspended state after entering
the diversion channel and are further transported
downstream, exhibiting a more dispersed spatial
distribution.

From a mechanistic perspective, these
differences are primarily governed by the competition
between gravitational settling and hydrodynamic
disturbance intensity. The low-density particles (1200
kg/m®) exhibit weak settling capacity, strong
responsiveness to the flow field, and are significantly
influenced by three-dimensional circulation and

turbulence, resulting in stronger spatial dispersion. In
contrast, high-density particles (2650 kg/m?®) have
higher settling velocities and are more likely to
decouple from the flow field. After entering the inlet
region, they rapidly leave the main flow under gravity
dominance and undergo deposition.

(b) p=1200kg/m’

Fig. 6 Side view of the distribution of different particles
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(a) p=2650kg/m?

(b) p=1200kg/m?

Fig. 7 Top view of the distribution of different particles

3.2 Quantitative analysis of particle sedimentation

By arranging monitoring cross-sections along the
channel and obtaining the sediment quantity in a given
region through subtracting particle counts between
adjacent sections, the spatial distribution of deposition
can be quantified. In this study, sections labeled a, b,
and c correspond to the inlet region, while section d
and downstream sections represent the interior of the
diversion channel. Figure 8 presents the simulated
results of particle deposition within the channel.

For particles with a density of 1200 kg/m3, their
enhanced suspension capacity enables them to be
more readily transported downstream by the main
flow, resulting in a relative reduction in the number of

900
—e— casel
—a— casecl|
—9— cased

sediment deposition volume

0 I I L 1 1 1 1
a b © d e f ¢ h

region of sedimentation

(a) p=1200kg/m?

particles entering the diversion channel from the
channel bed and exhibiting a more dispersed
distribution pattern. For particles with a density of
2650 kg/m? the increase in Reynolds number
enhances the transport capacity of near-bed flow,
leading to a reduction in deposition within the inlet
region, while the deposition extent and amount within
the diversion channel increase correspondingly.

These results indicate that particle transport and
deposition are jointly controlled by the combined
effects of momentum and gravitational settling, and
that different particle types exhibit significantly
different responses to variations in the flow field.

4000 -
—e— casel

3500

300t
Z 2500 |

2000 |

1500 |

cnt doposition volume

B

1110

1000 |

scd

500

i)

region of sedimentation

(b) p=2650kg/m?

Figure 8: Accumulated sediment/deposition quantity of different particles in the drainage channel

3.2 Discussion

For water transfer channels characterized by
blind-ended  configurations, particle transport
processes are not governed solely by particle settling
properties. Instead, due to the pronounced flow
separation and recirculation structures developed near

the inlet region, particle migration involves a complex
sequence of transport, retention, and re-transport
processes jointly regulated by local three-dimensional
hydrodynamic structures and intrinsic particle
characteristics.

Flow separation acts as the initial driving
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mechanism controlling particle entry into the
bifurcation region and subsequent deposition. When
the main flow approaches the inlet zone, the abrupt
variation in channel geometry induces streamline
deviation and flow separation under the combined
effects of boundary constraints and pressure gradients.
Consequently, particles originally transported along
the main flow pathway undergo lateral displacement
and enter the bifurcation region. This process alters
the original transport trajectories of particles and
provides the material source for subsequent
accumulation.

After entering the inlet region, particle migration
is further controlled by the three-dimensional
circulation structures. The planar circulation
establishes a local recirculating transport pathway,
which weakens the downstream advective transport
capacity and increases particle residence time within
the inlet zone. Meanwhile, the vertical circulation
modifies particle exchange between different water
layers, enabling particles to migrate between the
near-bed and upper water regions. This vertical
exchange process increases the complexity and
instability of particle trajectories, allowing certain
particles to undergo repeated cycles of suspension,
migration, and deposition. Compared  with
conventional sedimentation analyses that mainly
consider longitudinal velocity variations, the
three-dimensional circulation framework provides a
more reasonable explanation for the long-term
retention and localized accumulation of particles in
bifurcation inlet regions.

The final deposition behavior of particles is
determined by the competition between hydrodynamic
disturbance and gravitational settling. Under high

shear stress and strong turbulent fluctuations,
hydrodynamic forces are sufficient to maintain
particles in  suspension and sustain their

circulation-driven transport. However, when particles
enter low-velocity recirculation zones, the reduction in
local shear stress and turbulent diffusion capacity
promotes the transition from suspended transport to
deposition. For particles with a density of 2650 kg/m?,
the relatively high settling velocity enables them to
gradually decouple from the surrounding flow field,
resulting in preferential deposition within the inlet
region and the upstream section of the diversion
channel. In contrast, particles with a density of 1200
kg/m? exhibit weaker settling capability and stronger
dependence on local three-dimensional flow structures,
leading to enhanced transport capacity and a more
dispersed spatial distribution. These results indicate
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that particle density does not directly determine
deposition outcomes; rather, it regulates deposition
patterns by modifying the response of particles to
complex hydrodynamic structures.
3. Conclusions

This study employs numerical simulation to
systematically investigate the three-dimensional flow
characteristics and particle sedimentation patterns at
the diversion junction of an open-channel water
conveyance system. It reveals the complex flow
structure at the junction and the mechanisms by which
this structure influences particle migration and
deposition. The results indicate that the flow structure
in the junction area exhibits distinct three-dimensional
characteristics. Regarding horizontal circulation, the
ambient water at the junction moves forward under
the influence of shear stress, causing water piling up
against the bank slope; driven by the water level
difference, the flow enters the diversion channel,
thereby establishing horizontal circulation. Regarding
vertical circulation, the flow enters the junction area
from the bottom, and its direction shifts due to shear
stress, creating a vertical circulation pattern. A stable
three-dimensional circulation structure emerges at the
junction through the combined effects of main flow
separation, shear stress generated by velocity
gradients, and the water level difference. Specifically,
main flow separation provides the spatial conditions
for circulation formation, shear stress supplies the
driving force, and gravity compensation sustains the
circulation.
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