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ABSTRACT

Numerically simulating turbulent open-channel flows represents a formidable challenge in Computational
Fluid Dynamics (CFD), particularly when addressing the interplay of transient turbulence, irregular
bathymetry, and dynamic free-surface interactions inherent to natural river systems. This study advances
a three-dimensional nonlinear (k-¢) turbulence model to resolve flow dynamics, velocity distributions, and
mass transport mechanisms in both meandering and straight open channels. The framework leverages
cylindrical coordinate systems to accommodate curvilinear geometries, enabling precise representation of
intricate channel boundaries. The governing equations are discretized with the finite volume method, with
pressure-velocity coupling achieved through the SIMPLE algorithm. The nonlinear (k-¢) formulation is
uniquely suited to capture anisotropic turbulence effects while maintaining computational efficiency,
addressing a critical gap in conventional isotropic eddy-viscosity models. Key innovations include the
development of a geometrically adaptive numerical framework capable of simulating flow in meandering
channels with variable curvature and width-to-depth ratios. Parametric analysis reveals that secondary
circulations, driven by curvature-induced centrifugal forces and bed roughness heterogeneity, profoundly
influence the velocity profiles and scalar transport. The model successfully predicts flow separation at
bends, velocity-dip phenomena beneath free surfaces, and pollutant dispersion patterns in compound
channels. Validations against empirical datasets confirm the model’s fidelity in replicating turbulent
kinetic energy distributions and Reynolds stress anisotropy. This sfudy establishes the nonlinear (k-g)
model as a versatile tool for analyzing hydraulically complex environments, including sediment-laden
rivers and vegetated wetlands. By integrating geometric adaptability with advanced turbulence closures,
the framework bridges theoretical CFD advancements and practical applications in flood risk mitigation,
eco-hydraulic engineering, and contaminant transport modeling. The findings underscore the necessity of
resolving anisotropic turbulence and secondary flow mechanisms to achieve predictive accuracy in real-
world, geometrically heterogeneous open-channel systems.

Keywords-simulation; velocity profile; open channels; numerical modeling; CFD; nonlinear turbulence; k-¢
model; finite volume method; anisotropy; complex boundaries
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I.  INTRODUCTION

The numerical modeling of flow in curved open channels
represents a critical and intricate challenge in river engineering,
particularly for discharge estimation and flood risk
management. Accurate simulation of these flows is hindered by
the interplay of centrifugal forces and shear effects, which
dominate channel bends. While laboratory experiments yield
essential insights into flow behavior, they are often resource-
intensive, time-consuming, and difficult to extrapolate to real-
world conditions. Nevertheless, experimental datasets remain
indispensable for calibrating and validating numerical models,
which are pivotal for achieving precise simulations. Early
modeling efforts for curved channels relied on simplified one-
dimensional (1D) or two-dimensional (2D) frameworks based
on the Saint-Venant equations. These approaches assume
uniform velocity profiles and hydrostatic pressure distributions,
oversimplifications that fail to capture the depth-dependent and
transverse variations in velocity and pressure inherent to curved
geometries.

A foundational advancement was introduced by the authors
in [1], who developed a quasi-three-dimensional (3D) model
incorporating a logarithmic vertical distribution of the
longitudinal velocity while retaining the hydrostatic pressure
assumption. Tested in a 180° curved channel, this model
enabled rudimentary 3D flow analysis. Authors in [2] expanded
this work by proposing a depth-averaged 2D model that
simulated velocity distributions using parabolic profiles,
though still constrained by hydrostatic assumptions. Secondary
flows, critical to redistributing velocity and pressure in channel
bends, were later addressed through advanced modeling
techniques. Authors in [3] enhanced existing frameworks by
integrating dispersion stress terms to account for secondary
flow effects and authors in [4] further refined these methods
with a vertically averaged model incorporating adaptive
velocity and pressure distributions, improving the
representation of bend-induced hydrodynamic complexity.
Direct Numerical Simulations (DNS) and Large-Eddy
Simulations (LES) have advanced the resolution of open-
channel flow dynamics. However, many implementations
impose rigid free-surface boundary conditions (e.g. [5]),
neglecting vertical surface motions. Authors in [6] employed
linearized boundary conditions to approximate free-surface
behavior, while the LES studies in [7-10] adopted similar rigid-
surface assumptions to leverage methodologies developed for
internal flows. To address moving boundaries, techniques such
as the Volume of Fluid (VOF) method [11] and the hybrid
VOF approaches with split-merge capabilities [12] have been
developed, enabling accurate free-surface tracking. Authors in
[13] further contributed a subgrid scale model to analyze
surface motion dynamics and their filtering effects.

In this study, we present a 3D numerical model based on
the Reynolds-Averaged Navier-Stokes (RANS) equations
coupled with the (k—¢) turbulence closure. This framework
resolves vertical velocity and pressure distributions while
capturing secondary flow effects in curved open channels.
Validation against experimental data ensures the model’s
robustness for practical applications in hydraulic engineering
and environmental fluid dynamics.

II.  GOVERNING EQUATIONS AND MODELING
HYPOTHESIS

A 3D, unsteady, and free-surface viscous flow is assumed.
The pressure is decomposed into a hydrostatic component and
a hydrodynamic component. The Reynolds-averaged Navier-
Stokes and continuity equations are expressed by:
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where ¢ represents time, u; is the i-th component of the
Reynolds averaged velocity, x; is the i-th axis (with the axis x3
being vertical and oriented upward), p is the water density, p is
the Reynolds averaged pressure, g is the acceleration due to
gravity, v is the kinematic viscosity, dij is the Kronecker delta,
and Tij represents the Reynolds stresses.

The Reynolds Averaged Navier-Stokes equations can be
rewritten as:
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where zp is the bed elevation from a horizontal plane of
reference z = 0, & is the water column depth, and ¢ is the non-
hydrostatic pressure.

The turbulent stresses (r;) are computed using the (k-¢)
turbulence model. Turbulent quantities, including turbulent
kinetic energy (k) and dissipation rate (¢), are derived from

their respective transport equations, enabling dynamic
evaluation of free-surface evolution over time [9].
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where v,is the eddy viscosity. The turbulent kinetic energy and
the dissipation rate are obtained from:
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where P is the production of the turbulent kinetic energy given
by:
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The free surface movements are calculated according to the
kinematic condition:
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Equations (9), (3) allow calculating the free surface position
at each time step. These equations develop a complete
hydrodynamic model able to represent flow.

Compared to earlier frameworks [1, 2] the present model
employs full 3D resolution, capturing longitudinal and
transverse velocity variations as functions of depth with
enhanced precision. Furthermore, it addresses limitations
inherent to LES and DNS approaches by integrating moving
boundary conditions via VOF and subgrid-scale methods,
significantly improving adaptability for practical simulations.

Recent studies [14] have applied coupled CFD and Discrete
Element Method (DEM) frameworks to analyze fluid-particle
interactions in curved channels. This CFD-DEM coupling
proves effective for modeling sediment transport in bends and
predicting erosion-deposition zones. Meanwhile, modern LES
implementations incorporate free and mobile boundary
conditions, enabling improved representation of surface
fluctuations and wave effects critical for sediment transport and
mass exchange processes. Authors in [15] demonstrated the
efficacy of the Lattice Boltzmann Method (LBM) in resolving
free-surface flows within complex geometries, capturing
interfacial dynamics and secondary flows without velocity
profile approximations. LBM’s inherent parallelizability also
positions it as a viable candidate for high-resolution
simulations.

Advancements in Artificial Intelligence (AI) have spurred
the development of predictive models for curved-channel
flows, such as the neural network-based frameworks in [16].
While these machine learning models enable real-time
discharge forecasting, their accuracy may diminish for channel
configurations absent from training datasets.

III. NUMERICAL APPLICATION

To numerically resolve the governing equations outlined in
the preceding section, custom boundary conditions were
applied across the computational domain. A no-slip condition
was imposed at the lateral walls and channel bed to accurately
model viscous fluid behavior, while atmospheric pressure was
prescribed at the free surface to maintain hydrostatic
equilibrium. At the domain boundaries, water surface elevation
and velocity profiles were explicitly defined. Zero normal
derivatives were enforced at the outlet for all dependent
variables to ensure numerical stability and physically consistent
outflow. Inlet boundary conditions were derived from a prior
simulation of flow in a straight channel, leveraging periodic
boundary conditions in the longitudinal direction. This
approach ensures seamless initialization of flow variables while
preserving mass and momentum conservation. The curved
channel features a rectangular cross-section with a width of 1
m, height of 0.6 m, and total length of 16 m. A central
curvature radius of 2 m was implemented to facilitate analysis
of bend-induced flow dynamics. This configuration enables
detailed interrogation of flow behavior in complex geometries,
particularly for elucidating shock wave dynamics and
secondary flow interactions. The numerical framework

provides critical insights into flow phenomena in curved
channels, with applications spanning hydraulic engineering and
environmental fluid mechanics. By resolving 3D velocity
gradients and free-surface deformations, the model advances
predictive capabilities for scenarios involving rapid flow
transitions and sediment transport.

IV. DISCUSSION

The results highlight critical dynamic features of flow
within the curved channel, where velocity profiles and
secondary circulation vectors reveal distinct flow patterns. As
illustrated in Figures 1, 2, and 3(a-b), secondary currents
exhibit a downward migration toward the inner bank near the
channel bed, while near the free surface, these currents shift
toward the outer bank. This bidirectional circulation drives
transverse fluid transport with reduced longitudinal momentum
in the central region of the channel, thereby attenuating surface
velocity. The observed reduction in surface velocity, coupled
with a velocity maximum immediately below the surface, is
attributed to the interplay between secondary circulations and
boundary effects. Air-water interfacial friction and surface flow
resistance attenuate near-surface velocities, while the absence
of obstructions in subsurface regions facilitates accelerated
flow. Consequently, peak velocities occur at depths where
kinetic energy is optimized, underscoring the pivotal role of
secondary circulations in governing flow dynamics.

These findings elucidate the mechanisms by which
secondary currents influence sediment transport and velocity
stratification. Fine particulate matter is preferentially mobilized
in high-velocity subsurface zones, while surface flow dynamics
are modulated by air-water momentum exchange. The resulting
velocity gradients and secondary flow structures suggest that
sediment redistribution in curved channels is strongly coupled
to  three-dimensional  hydrodynamic  processes.  This
underscores the necessity of incorporating secondary
circulation effects in predictive models for sediment transport,
erosion-deposition patterns, and habitat heterogeneity in
riverine systems. Figure 2 illustrates the velocity vectors in
distinct regions of the channel, providing a detailed
visualization of the spatial distribution, direction, and
magnitude of secondary flow structures. These vector plots
enable a rigorous analysis of localized hydrodynamic behavior,
particularly the interplay between centrifugal forces and shear-
driven momentum transfer, which governs the formation and
evolution of secondary currents in curved open-channel
geometries.
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Fig. 1.

Contours of velocity magnitude (m/s).
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(d) 2.0, (e) 2.5, (f) 3.0, (g) 3.5, (h) 4.0, (i) 4.5, (j) 5.0, (k) 5.5, and (1) 6.0 m.
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Figures 3-5 characterize the spatial distribution of
Turbulent Kinetic Energy (TKE), turbulence intensity, and
turbulent viscosity within the channel. In the curved section,
the primary flow initially migrates toward the inner bank
before undergoing centrifugal-driven redirection toward the
outer bank. The free surface exhibits a pronounced rotational
displacement, marked by elevation near the outer wall and
depression near the inner wall. This deformation arises from
the interplay of secondary circulations and transverse pressure
gradients, which dominate momentum redistribution in the
bend. The observed turbulence metrics further corroborate the
role of secondary currents in modulating energy dissipation and
shear stress anisotropy, critical for understanding flow stability
and sediment transport dynamics in curved open-channel
systems.
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Fig.3.  Contours of turbulent kinetic energy K (m?/s?).
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Fig. 4. Contours of turbulent Intensity (%).

The non-uniform energy distribution along the channel
shows significant dependence on local curvature and pressure
variations. Pressure gradients induced by channel topography
drive inward-directed secondary currents, while inertial forces
arising from centrifugal effects associated with flow curvature
generate outward-directed flow structures, as evidenced in
Figures 5 and 6. This dynamic interplay between pressure-
driven and inertia-dominated mechanisms governs the

formation of secondary flow patterns, reflecting the competing
influence of transverse momentum transfer and flow curvature
on hydrodynamic equilibrium.
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Fig. 5.

Contours of turbulent viscosity (kg/m.s).

Fig. 6.

Contours of dynamic pressure (Pa).

V. CONCLUSION AND FUTURE DIRECTIONS

This study advances the fundamental understanding of flow
dynamics in curved open-channel systems by elucidating the
mechanisms through which channel geometry and pressure
gradients govern velocity profile asymmetries and turbulent
kinetic energy distribution [15-17]. The findings hold
significant implications for hydraulic engineering applications,
where precise prediction of secondary flow structures and
pressure-driven momentum transfer is critical for sediment
transport management and flow optimization in natural and
engineered aquatic systems. By quantifying the interplay
between centrifugal forces and topographically induced
pressure fields, this study provides actionable insights for the
informed design and management of hydraulic infrastructure in
fluvial and urban environments.

The numerical investigation of flow dynamics in a curved
channel conducted in this study elucidates phenomena intrinsic
to hydrodynamic behavior in curvilinear geometries. Through
the implementation of rigorously defined boundary conditions
and high-fidelity modeling of inlet/outlet domains, the derived
velocity and turbulence profiles align closely with theoretical
predictions for curved open-channel flows.

The results underscore the pivotal role of secondary
currents, which govern both depth-dependent velocity
stratification and the subsurface velocity maximum observed
immediately below the free surface. This behavior emerges
from the synergistic interplay of channel geometry [18-19],
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inertial forces, and transverse pressure gradients collectively
dictating momentum redistribution in bend regions.

Secondary circulation patterns further demonstrate
pronounced influence on flow stability and sediment transport
mechanisms. The concentration of kinetic energy beneath the
surface, coupled with air-water interfacial friction attenuating
surface velocities, directly governs sediment mobilization in
natural environments [20], where bank morphology and in-
stream obstacles modulate flow pathways [21].

The developed numerical framework provides granular
insights into curved-channel hydrodynamics, particularly the
spatial heterogeneity of turbulent energy distribution. Observed
variations in turbulence intensity and dynamic pressure profiles
reveal how geometric constraints amplify secondary motions, a
finding with direct relevance to sediment management
strategies and the design of hydraulic infrastructure [22, 23,
24]. These outcomes establish a robust foundation for future
studies aimed at optimizing hydraulic conveyance systems
through physics informed control of secondary flow
phenomena.

The presented 3D numerical model provides a robust
solution for simulating curved-channel hydrodynamics.
However, higher-fidelity simulations could benefit from
integrating LBM for complex geometries and Al-driven models
for real-time analysis. Incorporating these advancements into
hydrodynamic studies holds promise for advancing riverine
engineering practices, particularly in flood management and
navigational design.
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