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Introduction: The formation of bars and pools, characterized by concave and
convex bed morphology, is a typical feature of curved rivers. The channel bed
morphology has a significant influence on the flow structures in curved channels.

Methods: Based on data from physical model experiments, this study employs
the RNG k-ε model and the VOF (Volume of Fluid) method to perform three-
dimensional numerical simulations of flow in continuous curved channels.

Results: By comparing the variations in flow structures between channels with a flat
bed and channels with bars and pools, the results show that the presence of bars and
pools leads to an increase in longitudinal flow velocity on the convex bank side near
the entrance of the upstream bend, while in the downstream bend it is opposite. The
high-velocity region shifts slower towards the concave bank along the bend. The
presence of point barsweakens the circulation near the convex bank in the upstream
bend, resulting in a smaller circulation intensity. The decrease in circulation intensity
is the largest (−23.91%) at the apex of the bend. In the downstream bend, the
remaining circulation from the upstream bend attenuates slower in the pool and has
a greater impact distance, increasing the circulation intensity in the downstream
bend. The section near the bend entrance shows the largest increase in circulation
intensity, with a rate of 128.18%. Theunevenness of the bed topography increases the
unevenness of the bed shear stress in the downstream bend.

Discussion: The findings of this study contribute to a deeper understanding of the
complex flow structures and evolution trends in natural curved rivers, providing
scientific basis for the management of curved river channels.

KEYWORDS

concave and convex bed morphology, continuous curved channels, flow structures,
numerical simulation, flow velocity, circulation intensity, additional information

1 Introduction

Curved river channels, especially meandering rivers, are common in natural river
systems and exhibit intricate flow patterns and complex sediment transport dynamics
(Dietrich and Smith, 1983; Sambrook et al., 2016; Nicholas et al., 2018; Zhou and Endreny,
2020; Ielpi et al., 2022). The circulation within these bends significantly influences flow
structures, shaping the channel bed morphology and impacting the overall river ecosystem
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(Pedersen et al., 2014; Graf et al., 2016; Zhou and Endreny, 2020;
Juliandar et al., 2021). Understanding the interplay between flow
dynamics and bed morphology is crucial for various applications,
including river engineering, flood management, and ecosystem
restoration (Schirmer et al., 2014; Yu et al., 2022). In continuous
curved channels, the formation of bars and pools, characterized by
concave and convex bed morphology, is a typical feature.
Circulation plays a vital role in shaping these bed features
(Crosato and Mosselman, 2020). Sediment-laden surface flow
tends to migrate towards the concave bank under the influence
of circulation, where the flow velocity decreases, facilitating
sediment deposition and the formation of concave banks (Tubino
et al., 1999). Conversely, sediment-rich bottom flow moves towards
the convex bank, where the flow velocity increases, resulting in
sediment erosion and the formation of convex bars (Peakall and
Sumner, 2015). This continuous interplay between flow and bed
morphology creates a complex and dynamic flow structure.

While the significance of flow patterns and bed morphology in
curved channels is well recognized, previous research has mainly
focused on channel cross-sections with simple geometries, such as
rectangular or trapezoidal shapes (Rooniyan, 2014; Yokojima et al.,
2015; Karami et al., 2017; Mulahasan and Stoesser, 2017; Fathi-
moghaddam et al., 2018; Shariq et al., 2018; Ghaderi et al., 2020). For
natural meandering rivers, the pools and point bars are formed in
bends, which results in the shape of cross-sections is irregular.
Previous research has mainly focused on channel cross-sections
with simple geometries, such as rectangular or trapezoidal shapes,
while the understanding of the impacts of the typical “pool-bar” bed
morphology in natural meandering rivers is limited. The presence of
deep pools on the concave bank enhances the formation of
circulation, as the flow is constrained within the deep channel.
As the flow passes over the convex bank, where the water depth is
shallower, it induces a shift in the main flow towards the concave
bank (Blanckaert, 2009). This lateral shift of the flow alters the
momentum distribution within the bend, influencing sediment
transport and erosion/deposition processes. Therefore, a
comprehensive understanding of the influences of bed
morphology on flow structures in continuous curved channels is
essential for unraveling the complexities of flow behavior and
sediment dynamics in curved river systems.

To address this research gap, this study utilizes data from
physical model experiments as validation material and employs
advanced numerical simulation techniques, specifically the RNG
k-εmodel and the VOF method, to simulate three-dimensional flow
in continuous curved channels with different bed morphologies. By
comparing the flow structures between channels with a flat bed and
those with a bar-pool bed morphology, the study aims to unravel the
specific impacts of bed morphology on flow characteristics within
curved channels. The outcomes of this research will provide deeply
understanding of the complex flow characteristics of continuous
bends, contributing to a comprehensive understanding of flow
behavior and sediment dynamics in curved river systems. These
findings can be utilized to design effective river engineering
strategies, and inform river channel management practices.
Moreover, developing a deeper understanding of the interplay
between flow dynamics and bed morphology is crucial for
various applications, including river engineering, flood
management, and ecosystem restoration.

2 Materials and methods

2.1 Experimental setup and measurements

The experiments were performed in a meandering laboratory
flume. The channel consists of a 7 m long straight reach both
upstream and downstream of the meandering section. The two
meandering bends have radii of 2.4 m, with a center angle of 90° for
the upstream bend and 135° for the downstream bend. The
transition sections between the bends are 2 m long. The cross-
sectional shape of the bends is convex on the outer bank and concave
on the inner bank. The rectangular cross-section in the straight
reach is smoothly connected to the bed morphology of the
meandering section through a gradual transition. The plan layout
of the continuous meandering channel is shown in Figure 1.

A three-component Nortek Acoustic Doppler Velocimeter
(ADV) with 200 Hz sampling frequency is adopted to measure
the three-dimensional flow velocities. The sampling duration at each
measuring location is 120 s. The longitudinal, transverse, and
vertical velocity (u, v, w) are measured in several cross-sections.
Lateral distance between the vertical measurement lines is 5 cm.
Measuring points of each cross section are vertically spaced at 2 cm
except in the near bed region, where they are spaced at 1 cm. More
details of the experimental setup and measurements can be found in
previous works (Liu et al., 2021).

2.2 Numerical simulation

In this study, the RNG k-ε model is employed to perform three-
dimensional simulations of flow in a meandering channel. The RNG k-ε
model is a commonly used turbulence model that is based on the
Reynolds-averaged Navier-Stokes equations and incorporates additional
equations for turbulent kinetic energy and turbulent dissipation rate to
describe turbulent motion (Daryus et al., 2016; Gao et al., 2017; Krastev
et al., 2017; Boroomand and Mohammadi, 2019; Khalaji et al., 2019).
The RNG k-ε model has been widely used in three-dimensional flow
simulation of bends and shown good accuracy (Stoesser et al., 2010;
Zhou et al., 2017; Hu and Zhang, 2018; Wang et al., 2022).

In the RNG k-ε model, the governing equations consist of the
continuity equation, momentum equation, and turbulence
equations. The continuity equation describes mass conservation,
which states that the mass of the flow remains constant in space and
time. It can be expressed as Eq. 1:

∂ρ
∂t

+ ∂ρui

∂xt
� 0 (1)

The momentum equation describes the motion of the flow and
takes into account the effects of pressure gradients, gravity, and
friction (Liu et al., 2017; Boroomand and Mohammadi, 2019). The
momentum equation can be expressed as Eq. 2:

∂ui

∂t
+ ∂
∂xt

ui
—
uj
—( ) � −1

ρ

∂p
∂xj

+ 1
ρ

∂
∂xj

μ
∂ui

∂xj
( ) − ∂

∂xj
ui′uj′( ) (2)

where t is the time, ρ is density of fluid, μ is dynamic viscosity, p is
pressure. g is the acceleration due to gravity, and τ is the stress tensor, ui
is the time-averaged velocity component in the ith direction.
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The turbulence equations describe the evolution of turbulent
kinetic energy and turbulent dissipation rate. In the RNG k-εmodel
(Liu et al., 2017), the turbulence equations can be expressed as Eqs
3, 4:

∂
∂t

ρk( ) + ∂
∂xi

ρkui( ) � ∂
∂xi

μ + μt
σk

( ) ∂k
∂xj

( ) + Gk + Gb − YM + SK

(3)
∂
∂t

ρε( ) + ∂
∂xi

ρεui( ) � ∂
∂xi

μ + μt
σε

( ) ∂ε
∂xj

( ) + C1ε
ε

k
Gk + C3εGb( )

− C2ερ
ε2

k
− Rε + Sε

(4)
where k is the turbulent kinetic energy, ε is the turbulent dissipation rate,
μt is the turbulent dynamic viscosity, Gk and Gb are the generation of
turbulence kinetic energy due to the mean velocity and buoyancy,
respectively, YM represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate. C1ε, C2ε and
C3ε are empirical constants in the model, σk and σε are the turbulent
Prandtl numbers for k and ε, respectively, SK and Sε are user-defined
source terms, Rε is the additional term.

By numerically solving the above governing equations, it is
possible to simulate three-dimensional flow in a meandering
channel and obtain detailed information regarding velocity,
pressure, and turbulence characteristics. These simulation results
will provide valuable insights into the interactions between flow
behavior and bed morphology in meandering river systems.

2.3 Grid generation and model setup

The computational model used in this study is the same
geometry as in the experiments. For grid generation, the ICEM
software is used to create a structured hexahedral grid. To improve

computational efficiency while maintaining model accuracy, the
longitudinal grid is relatively sparse in the straight reaches far away
from the bends. The total number of grids in the model is 4,847,019,
with grid sizes ranging from 0.3 cm to 2 cm. A schematic diagram of
the grid generation is shown in Figure 2.

The numerical simulation employs the RNG k-ε two-equation
model within the Reynolds-averaged Navier-Stokes (RANS)
framework, combined with the Volume of Fluid (VOF) model
for capturing the free surface. The VOF model is a widely used
method for simulating multiphase flows, where the interface
between different fluid phases is represented using a volume
fraction function (Aniszewski et al., 2014; Goodrich and
Herrmann, 2023; Wang et al., 2023). It tracks the movement and
deformation of the free surface by solving a transport equation for
the volume fraction of each phase. The VOF model allows for the
accurate representation of complex free surface phenomena such as
wave breaking and fluid mixing.

To discretize the governing equations, the finite volume method
is employed. The finite volume method divides the computational
domain into a set of control volumes or cells, and the integral form
of the conservation equations is applied to each cell. The equations
are then discretized using numerical schemes to approximate the
spatial derivatives. The finite volume method is known for its
conservation properties and ability to handle complex geometries.

For the coupling calculation of pressure and velocity, the PISO
(Pressure-Implicit with Splitting of Operators) algorithm is utilized.
The PISO algorithm is an iterative procedure that solves the
pressure-velocity coupling problem in a segregated manner. It
involves predicting the velocity field, correcting the pressure field,
and updating the velocity field iteratively until a converged solution
is obtained. The PISO algorithm is widely used in computational
fluid dynamics simulations and offers a stable and accurate
approach for solving the Naiver-Stokes equations.

The Fluent software is chosen as the platform to establish the
three-dimensional flow model of the continuous meandering

FIGURE 1
Laboratory flume: (A) Plan view of the experimental setup, (B) Geometry of the cross-sections.
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channel, providing a user-friendly interface and robust numerical
algorithms for efficient and accurate simulations.

2.4 Boundary conditions

The inlet boundary conditions consist of two parts: the
upper air inlet and the lower water inlet. The upper air inlet

is specified using a pressure inlet boundary condition,
while the lower water inlet is defined using a mass
inlet boundary condition with specified water level
and inflow rate.

The outlet boundary conditions are composed of the upper air
outlet and the lower liquid outlet. Both parts are set as pressure
outlet boundary conditions, with the water level specified at the
liquid outlet.

FIGURE 2
Model grid generation. (A)Overall grid layout of themodel; (B)Detailed grid of the rectangular cross-section; (C)Detailed grid of the cross-section in
the meandering bend; (D) Detailed grid of the meandering section.

FIGURE 3
Validation of Dimensionless U, (A) 60° section of the upstream bend, (B) 90° section of the downstream bend.
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3 Model validation

The accuracy and reliability of the model are assessed through
the comparison of computed results with experimental data
obtained from physical model tests. The experimental conditions
selected for validation include an inlet flow rate of 45 L/s and an
outlet water depth of 19 cm.

Figures 3, 4 present a comprehensive comparison between the
computed and measured values of the longitudinal and transverse
time-averaged velocity (�u and �v) at the cross-section, respectively.
The flow velocity is dimensionless by the average flow velocity of the
cross-section (U). The data points represent the measured values,
while the solid lines depict the computed values. Overall, the
computed values closely match the measured values in the
majority of the areas. However, in regions close to the sidewalls
where flow structures tend to be more complex, slight discrepancies
between the computed and measured values can be observed.
Nevertheless, the general trend along the vertical line remains
consistent, indicating that the model adequately simulates the
flow characteristics within the meandering channel.

The agreement between the computed and measured values
confirms the capability of the model to accurately represent the flow
behavior in the meandering channel. This validation provides
confidence in the reliability and accuracy of the numerical model,
enabling its application for further analysis and prediction of flow
characteristics in similar meandering river systems.

4 Results and discussion

In the continuous meandering channel physical model, the flow
structures in two different bed configurations, namely, Run 1 with a

horizontal bed morphology and Run 2 with a bar-pool bed
morphology, are compared and analyzed.

4.1 Longitudinal velocity

Figures 5, 6 depict the cross-sectional distributions of the �u for
Run 1 and Run 2, respectively. In the upstream straight section
(Section S01), both runs experience the influence of the downstream
bend, resulting in a slight increase in velocities on the convex bank
side. As the flow enters the bend at the entrance section (Section
S02), both runs exhibit high-velocity regions on the convex bank
side. The high-velocity area of run 1 are closer to the water surface
than run 2. Along the convex bank near the bend, the velocity
initially increases and then decreases. At the bend outlet, the high-
velocity regions shift upward towards the water surface. Notably,
Run 1 demonstrates a faster migration of the high-velocity regions
towards the water surface compared to Run 2. In the transition
section (Section S07), where the elevation of the upstream bend’s
convex bank gradually decreases, Run 2 shows lower velocities on
the convex bank side compared to Run 1.

Moving to the downstream bend, Run 1 exhibits a more
concentrated high-velocity region on the convex bank side, which
is closely located adjacent to the convex bank. In the region
40 cm–60 cm away from the concave bank, Run 2 demonstrates
higher velocities on the side bars compared to Run 1 on the bed
surface. Moreover, Run 1 exhibits higher velocities in the deep
channel on the concave bank side. As the bend approaches the
outlet, the high-velocity region of Run 1 swiftly shifts towards the
concave bank side.

The comparison and analysis of longitudinal velocities provide
valuable insights into the flow characteristics and distinctions

FIGURE 4
Validation of Dimensionless v, (A) 60° section of the upstream bend, (B) 90° section of the downstream bend.
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between the two bed configurations in the meandering channel.
These findings contribute to a better understanding and prediction
of flow phenomena in similar meandering river systems.

It is important to note that the observed differences in flow
structures between Run 1 and Run 2 can be attributed to the
variation in bed morphology (Figures 5, 6). The bar-pool bed
morphology in Run 2 introduces more complexities in flow
patterns due to the presence of bars and pools, resulting in
higher velocities on the convex bank side. On the other hand, the
horizontal bed morphology in Run 1 leads to a more uniform flow
distribution, with higher velocities concentrated near the concave
bank. These variations have significant implications for sediment
transport, channel stability, and ecological habitats within
meandering channels. Further investigations and analyses,
including the examination of bed shear stress, turbulence
characteristics, and sediment transport processes, will provide a
comprehensive understanding of the flow behavior in meandering
channels and aid in the development of effective river management
strategies.

4.2 Bed shear stress

Figures 7, 8 present the distribution of bed shear stress (τb) on
the cross-sections. The legend represents the central angle of the
cross-sections. Along the bend, the τb near the convex bank of run
1 is largest in the cross-section near the apex of the bend (S05), and

the τb near the concave bank is largest at the outlet cross-section of
the bend (S06). For run 2, the τb near the convex bank decreases
along the bend, while that near the concave bank increases. The τb
near the convex bank in the downstream bend of run 2 is smaller
than that of run 1

Along the cross-section, except for the outlet cross-section, the
τb gradually decreases from the convex bank to the concave bank in
the upstream bend. For run 2, the τb increases at the edge of the
point bar. In the downstream bend, the τb gradually decreases from
the convex bank to the concave bank at the inlet and outlet cross-
sections (S08, S14) of the bend in run 1. The τb of S09~S13 fluctuates
along the cross-section. The position of the minimum τb gradually
approaches the convex bank along the bend. In run 2, the transverse
variation of τb in the downstream bend is more complicated, with
two troughs. One is located at the edge of the point bar and moves
slightly towards the convex bank along the bend, while the other is
located in the middle of the point bar and remains basically
unchanged along the bend.

4.3 Circulation structure

Figures 9, 10 show the vectors of the cross-stream velocity
components. To quantify the secondary flow strength and
identify the circulation boundary, the streamwise vorticity is
calculated. The vorticity equation Eq. 5 supplies information
about driving and dissipating forces of the secondary flow, which

FIGURE 5
The distribution of �u (unit: cm/s) for Run 1.

Frontiers in Environmental Science frontiersin.org06

Liu et al. 10.3389/fenvs.2024.1431021

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1431021


is quantified with the streamwise component of the vorticity vector
(Farhadi et al., 2018):

ωs � ∂ �w
∂r

− ∂�v
∂z

(5)

where r and z are the lateral and vertical coordinates, respectively, �w
is the vertical velocity.

For the horizontal bed Run 1 (Figure 9), no discernible
circulation structures are observed in the upstream straight
section (S01 and S02). However, upon entering the bend, a
clockwise circulation pattern initiates at cross-section S03,
encompassing the entire cross-section. The circulation center is

skewed towards the concave bank and gradually shifts towards
the convex bank along the bend. At the downstream bend inlet
(section S08), the cross-section circulation structure primarily
reflects the residual reverse circulation from the upstream bend.
Consequently, the main circulation forms near the bed of convex
bank. Given the propensity for the formation of a single main
circulation near the concave bank, it progressively expands and
shifts towards the convex bank at sections S10 and S11. In the cross-
section S05, a reverse small circulation forms near the water surface
of the concave bank. The small circulation is enhanced by centrifugal
force in downstream bends and merges with the increasing main
circulation of the concave bank. The residual reverse circulation

FIGURE 6
The distribution of �u (unit: cm/s) for Run 2.

FIGURE 7
The distribution of τb for Run 1. (A) The upstream bend. (B) The upstream bend.
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from the upstream lies between the two main circulations,
attenuating along the reach and dissipating by cross-section S12.
Ultimately, the twomain circulations occupy the entire cross-section
and merge into a unified main circulation at cross-section S14.

In the presence of bed forms such as point bars and pools (Run 2,
Figure 10), the main circulation in the upstream bend also forms at
cross-section S03, with the circulation center positioned closer to the
concave bank compared to the horizontal bed condition. Along the
bend, the circulation center gradually shifts towards the convex
bank, albeit at a slower pace. Throughout the reach, the circulation
center aligns with the edge of the bar due to rapid shifts from the
concave bank of the upstream bend to the opposite bank, owing to
variations in bed morphology. Upon reaching the downstream bend
inlet (S08), the circulation structure remains influenced by the
residual reverse circulation from the upstream bend. At section
S09, the main circulation forms near the bed of concave bank. The
concave bank main circulation expands its influence to the bars,
within the trough, from sections S11 to S13. The water depth at the
edge of the beach becomes shallower, resulting in two main
circulations. Comparing to Run 1, the attenuation of the residual
upstream reverse circulation is slower, restricting the expansion of
the main circulations. At section S14, the residual upstream
circulation diminishes and vanishes, ultimately resulting in a
prevailing concave bank main circulation structure across the
entire cross-section.

4.4 Circulation intensity

Figure 11 shows the distribution of circulation intensity along
the channel for Run 1 and Run 2. There are various methods to
define the intensity of circulation, and the index Eq. 6 proposed by
Shukry (1950) is selected to calculate the cross-sectional circulation
intensity in this paper.

Sxy � v
–2 + w

– 2

2g
⎛⎝ ⎞⎠/ u

– 2 + v
–2 + w

– 2

2g
⎛⎝ ⎞⎠ (6)

In the upstream bend near the entrance, Run 2 exhibits
similar circulation intensity to Run 1. From the bend crest to
the bend outlet in the upstream bend, the presence of point bars
weakens the circulation near the convex bank, resulting in a
smaller circulation intensity for Run 2 compared to Run 1. At the

apex of the bend (S05), the decrease in circulation intensity is the
largest, at −23.91%. However, in the downstream bend, the
presence of pools causes the remaining counter-current
circulation to decay more slowly, resulting in a higher
circulation intensity for Run 2 compared to Run 1. The
section near the entrance of the downstream bend (S09) shows
the largest increase in circulation intensity, with a rate of
128.18%. At the bend outlet, the circulation intensity for Run
1 becomes higher than that of Run 2 once again.

4.5 Influence of the pools and point bars on
bedform evolution

Flow characteristics significantly impact bed deformation in
meandering streams, (Ferreira and Ebrahimi, 2017). Sediment
transport, which is driven by water flow, ultimately determines
bed deformation through the processes of sediment deposition and
entrainment (Parker, 1990). The ability of water flow to carry
suspended-load sediment is positively correlated with flow
velocity and the τb is directly related to the bed-load sediment
transport near the bed (Zhang and Xie, 1993). Thus, according to the
above results, the influence of the existence of pools and point bars
on the erosion and sedimentation trend of continuous bends can be
preliminary estimated.

According to the cross-sectional distribution of streamwise
velocity, the presence of bars and pools tends to suppress erosion
near concave banks and promote erosion near convex banks near
the entrance of the upstream bend. The impacts in downstream
bends is opposite. Point bars weaken upstream bend circulation near
convex banks, reducing its intensity. Therefore, the transverse
sediment transport intensity from the concave bank to the
convex bank in the bend will decrease. In the downstream bend,
the intensity of the circulation increases, but this is due to a more
prolonged reverse residual circulation. Consequently, the transverse
sediment transport intensity from the concave bank to the convex
bank does not necessarily increase. Based on the variation law of τb,
the transport intensity of bed-load sediment is largest near the
convex bank at the inlet of the upstream bend when the pools and
point bars exist. Besides, in the downstream bend, the intensity of
bed-load sediment transport near the convex bank decreases and the
unevenness of the τb will increase the complexity of the bed
morphology.

FIGURE 8
The distribution of τb for Run 2. (A) The upstream bend. (B) The upstream bend.
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5 Implications

The knowledge that bars and troughs influence flow
patterns can be applied to river engineering and restoration
projects. For instance, in the design of river training structures,
such as bank protection measures, it is crucial to consider the
influence of bed morphology on flow structures to

achieve desired hydraulic conditions and minimize
ecological impacts.

The implications of this research are significant and relevant to
various fields related to river management and research. Firstly, the
study provides insights into the complex interactions between bed
morphology and flow structures, which can improve our
understanding of sediment transport dynamics in meandering

FIGURE 9
Flow field diagram of Section for Run 1.
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rivers. This knowledge can be applied to predict sediment deposition
and erosion patterns, inform erosion control measures, and guide
river restoration efforts.

Secondly, the findings have implications for river
habitat restoration and biodiversity conservation.
Understanding the influence of bed morphology on flow
structures allows for the design and implementation of

habitat restoration projects that promote the creation of
diverse aquatic habitats and enhance ecological connectivity
within meandering river systems.

Thirdly, the study’s insights can contribute to more accurate
flood risk assessment and mitigation strategies. By considering the
impact of bars and troughs on flow structures, engineers and
policymakers can improve flood forecasting models and design

FIGURE 10
Flow field diagram of Section for Run 2.
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effective flood control measures that account for the spatial
distribution of flow patterns within meandering river bends.

In conclusion, this study has demonstrated that the presence
of bars and pools significantly influences the flow structure in
continuous curved channels. The presence of bars affects the �u
distribution near the bend entrance, leading to distinct flow
patterns on the convex and concave bank sides. The
confinement of circulation within troughs and the slower
attenuation of remaining circulation towards the convex bank
in downstream bends have also been observed. The implications
of this research extend to sediment transport dynamics, river
habitat restoration, biodiversity conservation, flood risk
assessment, and mitigation strategies. By incorporating the
knowledge gained from this study, river management practices
can be optimized to achieve sustainable and ecologically
sound solutions.

Future research can delve deeper into the interactions between
bed morphology, flow structures, and ecosystem dynamics in
meandering rivers. The incorporation of additional factors such
as vegetation and sediment characteristics can further enhance our
understanding of the complex dynamics within these systems.
Additionally, the application of advanced remote sensing
techniques and machine learning algorithms can provide valuable
data and insights for studying large-scale meandering river systems.
These advancements will contribute to more effective river
management and restoration practices, ensuring the resilience
and functionality of meandering river ecosystems in the face of
environmental changes.

6 Conclusion

Our study on the influence of bed morphology on flow
structures in continuous curved channels has provided valuable
insights into the complex dynamics of natural meandering rivers.
The presence of bars and pools, which are typical features of
meandering rivers, has a significant impact on the flow structure
within bends. Through three-dimensional numerical simulations
using the RNG k-εmodel and VOF method, this research compared
the flow structure variations between a horizontal bed and a bar-
trough bed in continuous curved channels.

The results demonstrate that the presence of bars and pools
affects the u distribution near the bend entrance. The presence of

bars leads to an increase in the u on the convex bank side and a
decrease on the concave bank side. Additionally, the high-
velocity region tends to shift more rapidly towards the
concave bank along the bend, resulting in higher longitudinal
velocities near the downstream concave bank and lower velocities
on the convex bank. The circulation patterns are confined within
the troughs, and the rate of lateral migration towards the convex
bank is slowed down. Furthermore, the remaining circulation
from the upstream bend attenuates more slowly towards the
convex bank in the downstream bend, impacting a longer
distance and increasing the circulation intensity in the
downstream bend.

The existence of bars and pools results in a notable increase of
the �u along the convex bank region proximate to the entrance of the
upstream bend. Conversely, at the downstream bend, this trend
reverses, with a decrease or alteration in the �u observed on the
corresponding convex bank side. The shift of the high-velocity
region towards the concave bank progresses at a slower pace
along the bend. The presence of point bars within the upstream
bend significantly diminishes the intensity of circulations proximate
to the convex bank, resulting in a marked reduction in circulation
strength. This decrease attains its maximum magnitude (−23.91%)
precisely at the apex of the bend, where the flow dynamics are most
profoundly influenced by the geomorphic features. However, as the
flow transitions into the downstream bend, the residual circulations
persisting from the upstream section experience a slower decay
within the pool regions, resulting in an extended range of influence.
Consequently, the circulation intensity in the downstream bend
undergoes an enhancement, particularly pronounced near the bend
entrance, where a remarkable increase of 128.18% in circulation
intensity is recorded. The irregularity of the bed topography
exacerbates the heterogeneity of τb distributions within the
downstream bend, especially in the downstream bend. This
phenomenon underscores the intricate coupling between riverine
geomorphology, specifically the presence of point bars and pools,
and the dynamic evolution of flow circulations across various bend
locations. The findings of this study contribute to a deeper
understanding of the complex flow structures and evolution
trends in natural meandering rivers. They provide a scientific
basis for the management and restoration of meandering
river channels.
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FIGURE 11
Distribution of circulation intensity along the channel.
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