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Abstract
Sharp river bends often feature a complex, three-dimensional flow structure that deviates from the classical flow at mildly curved bends. Local widening and deep scour holes
are regularly observed in sharp bends that, together with curvature-induced tilting of
the free surface, stimulate the occurrence of adverse pressure gradients. Such adverse pressure gradients can cause the flow near the banks to become stagnant or reverse direction. However, when and where flow reversal occurs remains unclear. In this study, we
examine the flow structure through a sharp bend of the Dommel River, the Netherlands,
and derive a first-order approximation of the point of flow reversal. Using a three-dimensional
numerical model, we found a large circulation cell in the outer bank and impinging flow
downstream of the circulation zone. Friction losses in the bend influence upstream water levels as far as five river-widths ahead of the point of impingement. The impinging
flow either continues in the downstream direction, or enters a circulation cell and spirals down into the scour hole. The size and relative strength of the circulation cell remains surprisingly stable as the discharge is varied. Furthermore, we find that a firstorder model, solely based on bend configuration, can successfully approximate the location of lateral flow separation. Our results infer the importance of bend configuration
for the occurrence of horizontal circulation cells. The resulting model can be used to quickly
identify river bends prone to complex flow patterns similar to the flow pattern observed
at the Dommel River. Additionally, the model provides an explanation for the occurrence and stability of anomalously sharp river bends.

1 Introduction
The flow through open channel bends has been an important research topic for several centuries, starting with the pioneering work by Boussinesq (1868). Knowledge on
the hydromorphodynamics of river bends has applications in a wide range of disciplines,
ranging from shipping to river ecology. Many natural low-energy rivers are characterized by a tortuous planform with anomalously sharp river bends (Candel et al., 2020),
which are commonly attributed to relatively erosion-resistant outer banks (Leeder & Bridges,
1975; Ferguson et al., 2003; Schnauder & Sukhodolov, 2012). The flow pattern and morphology of these bends deviate from the classical image of mildly curving meanders. Flow
reversal near one or both banks (Andrle, 1994; Schnauder & Sukhodolov, 2012; Vietz et
al., 2012; Vermeulen et al., 2015) and deep scour holes (Beltaos et al., 2011; Vermeulen,
Hoitink, et al., 2014) are frequently observed in sharp river bends. The conditions under which flow separation and horizontal recirculation occur in sharp bends and its drivers
remain unclear.
Flow separation is the detachment of a boundary layer from a surface. It occurs
when an adverse pressure gradient slows down the flow near the boundary to such an
extent for it to become stagnant or even reverse direction. This situation is well known
from the flow around obstacles, such as bridge piers or aerofoils, but can also develop
in the absence of clear obstructions. Whether or not separation occurs depends on the
magnitude of the adverse pressure gradient and the amount of turbulent mixing of momentum (Liggett, 1994). In river bends, curvature changes (Blanckaert, 2010) and an
increase of the cross-sectional area (Vermeulen et al., 2015) can induce an adverse pressure gradient in the form of an adverse water level gradient. Vermeulen et al. (2015) presented a first-order model for the water surface topography in a river bend:
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Figure 1.

Schematic representation of hydrodynamics in a sharp river bend (adapted from:

Ghinassi et al. (2016)).

where zs is the free-surface height, Cf the friction factor, F r the Froude number, H the
mean water depth, R the local radius of curvature, and A the local cross-sectional area.
Based on the curvature effect, one would expect two zones of adverse pressure: one upstream of the apex, near the outer bank and one downstream of the apex at the inner
bank. The increase of the cross-sectional area, often found in sharp river bends, strengthens the adverse pressure gradient. Given a non-uniform, depth-averaged velocity profile, a downward sloping bed can also induce an acceleration of freestream velocities, through
the conservation of potential vorticity (Broekema et al., 2018). Consequently, the constraint of mass conservation can lead to a deceleration of near-bank velocities.
Transport of streamwise momentum towards the bank will ultimately determine
if the boundary layer detaches in the presence of an adverse pressure gradient. Uijttewaal
(2014) distinguishes four mechanisms that can transport streamwise momentum laterally: (1) advection by the mean averaged velocity (Tadv ), (2) transport due to secondary
flow circulation (Tsec ), (3) turbulent transport by 3D small-scale turbulence and horizontal quasi-2D structures (Trey ), and (4) viscous stresses. As the flow in sharp river bends
can be considered fully turbulent, the transport by viscous stresses is negligible. The remaining mechanisms are notoriously difficult to predict. Hence, pinpointing the exact
location where flow separates remains challenging, especially in the absence of bankline
irregularities. Even in the case of a bankline irregularity, it is unclear under which conditions the main flow transfers kinetic energy to eddies in its wake, hereby promoting
their development. As the occurrence of flow separation is strongly dependent of the lateral transport of streamwise moment, it is expected that the exact location of flow separation depends on turbulent fluctuations and the river discharge. The velocity core often impinges on the outer bank (Figure 1). The exact location of flow attack may depend on the flow stage and can cause a second region of horizontal circulation to develop
in the outer bend (Ghinassi et al., 2016). These zones of horizontal recirculation actively
partake in the transport of mass and momentum, with mass continuously entering and
escaping (Vermeulen et al., 2015; Alvarez et al., 2017).
Zones of horizontal circulation are generally presented in the form of a time-averaged
velocity field, hereby the transience of such systems is often underappreciated. Uijttewaal
et al. (2001) show that the instantaneous flow pattern behind a groyne is rather variable.
Such short scale temporal variability is also expected in sharp river bends. However, this
aspect has received little attention in the literature thus far. This can probably be ascribed to the difficulty related to capturing this behaviour in measurements, as movingboat ADCP measurements require multiple repeat transects (Vermeulen, Sassi, & Hoitink,
2014). More is known about the variability over longer timescales. Vietz et al. (2012)
showed that reverse flow over a concave bank expanded slightly, with higher discharges
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in the Ovens River, Australia. In the latter study, the upstream directed velocities were
an order of magnitude smaller than the velocities in the downstream direction, whilst
in the Mackenzie river, Canada, Beltaos et al. (2012) observed upstream directed flow
with velocities of the same order of magnitude as the downstream flow velocities. Geertsema
et al. (in prep.) observed a non-linear dependency on the flow stage, with a zone of horizontal circulation enduring at high and low flows but vanishing at an intermediate discharge, in the Dommel river, the Netherlands. They pointed at three dimensional effects
and the lateral distribution of momentum as possible explanations for the intermittent
behaviour. It becomes clear that the understanding of the temporal variability of flow
separation in sharp bends is limited, hereby impeding a generic description of the hydrodynamic processes in sharp bends.
Numerical and laboratory models are valuable tools to investigate the sensitivity
of the three-dimensional flow field on variables such as the geometry and the discharge.
They also provide a comprehensive overview of the flow structure. Where measurements
from field sites are generally limited to a couple of cross-sections, models allow for the
investigation of flow variables throughout the model domain. Reproduction of horizontal flow recirculation occurring in strongly-curved flumes is reasonably successful with
Large Eddy Simulations (LES), whilst the success of Reynolds-Averaged Numerical Simulations (RANS) varies (Van Balen et al., 2010; Constantinescu et al., 2011). Due to the
typically large width-to-depth ratios of lowland rivers, a separation of the horizontal and
vertical scales is expected. Turbulence models should therefore account for a degree of
anisotropy.
In this paper, we investigate what processes are creating the necessary adverse pressure gradients responsible for horizontal flow separation in sharp river bends. We examine the flow through a sharp river bend of the Dommel, the Netherlands, using data from
field measurements. A three-dimensional Detached Eddy Simulation model is calibrated
with these measurements and is used to obtain a comprehensive overview of the flow pattern for a range of discharges. Based on the resulting flow patterns, a theoretical model
for the estimation of the location of the detachment point, using morphological parameters, is validated.

2 Methods
2.1 Study Site
The bend subject to study is located on a tortuous stretch of the Dommel River
between Sint Oedenrode and Munsel in the Netherlands. Candel et al. (2020) describe
this section of the Dommel river as a self-constraining low-energy meandering river. These
rivers develop a characteristic tortuous planform because erosion-resistant depositional
units, e.g. oxbow channel-fill deposits, laterally restrict the rivers’ movement. Since 1890,
several sections were straightened to promote drainage (Waterschap De Dommel, 1941).
At Sint Oedenrode (Figure 2), the Dommel had an average discharge of 6.5 m3 /s and
a mean annual flood discharge of 21.5 m3 /s in the period 2010-2019 (Waterschap De Dommel, 2021). The 250 m stretch upstream of the bend is straight, preceded by a mild bend.
The confluence of the Dommel and the Ollandse Waterloop is located approximately 30
meters downstream of the bend exit. Just upstream of the confluence, the Ollandse Waterloop had an average discharge of 0.18 m3 /s and a mean annual flood discharge of 1.32
m3 /s in the period 2009-2018 (Waterschap De Dommel, 2021). Trees grow on the outer
bank and the inner bank is covered in grass.
The observations by Geertsema et al. (in prep.) motivated the choice for this study
area. They observed an evanescence and reappearance of a large outer bend circulation
zone as discharge increased. As field studies with revisits are scarce, this site is well-suited
for a model study with multiple discharges. For a description of the velocity measure-
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Figure 2.

(a.) Elevation of the study site. Green dots indicate the locations of the ADCP

measurements, orange dots the measurement locations of the land survey. White dots are gaps in
the DEM. The flow is from the bottom to the left. (b.) Elevation of the sharp river bend. The
ADCP cross-sections are labeled 1-5. (c.) Course of the Dommel river (image Google Satellite,
2021). The yellow dot marks the location of the discharge measurements and the orange dot
denotes the location of the study site.

ments at the field site, we refer the reader to Geertsema et al. (in prep.). The next section will describe the geometry of the bend.
2.2 Bathymetry Mapping
The bathymetry of the river bend (Figure 2) was reconstructed by combining measurements from an Acoustic Doppler current profiler (ADCP) (Geertsema et al., in prep.),
a land survey conducted in 2002 and the Dutch Digital Elevation Model (DEM) (PDOK,
2018). Candel et al. (2020) state that this stretch of the Dommel River is currently stable, therefore it is assumed that little morphological change has occurred since 2002 and
the three data sources can safely be combined. The DEM does not include measurement
points in the river, however, it does contain the height of the river banks. The spatial
resolution of the DEM is 0.5 meters. Vermeulen et al. (2015) describe how to determine
the depth from the ADCP measurements. Due to failure of the GPS-device, the startand endpoints of the cross-sections were estimated from satellite imagery (Geertsema et
al., in prep.). This reduced the accuracy of the position of the measurement points, especially near the outer bend, where trees obstruct a clear view of the bank. As a consequence, the uncertainty in the location of the measurements is approximately four meters. Comparison with the DEM motivated geometric transformation of the cross-sections.
A projective transformation (Goshtasby, 1986) was applied to ensure that straight lines
remain straight. The average water levels at the inner bend on the day of the ADCP measurements (Geertsema et al., in prep.) were used to convert depth to elevation.
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The river banks were drawn based on a visual inspection of the DEM and satellite imagery (Google Earth, 2020) and the coordinates of the centerline were calculated
based on them. The altimetric data was transformed to a channel-fitted coordinate system based on the river centerline. Next, the transverse coordinate (n) was multiplied by
an anisotropy factor with a value of 25, since greater variance is expected in the transverse direction. Then, the elevation data was interpolated with natural neighbour interpolation onto a regular, anisotropic grid and transformed back to Cartesian coordinates,
following Vermeulen, Hoitink, et al. (2014).
2.3 Channel Geometry
From the discharge measurements at Sint Oedenrode (Waterschap De Dommel, 2021)
and the pressure measurements at the bend (Geertsema et al., in prep.) (Figure 2c), the
stage-discharge relationship was determined as:
Q = 5.153 ∗ (H − 5.511)1.537

(2)

where Q is the discharge at Sint Oedenrode (m3 /s) and H is the free surface height at
the inner bend (m). Based on the constructed bathymetry and the stage-discharge relationship, binary river masks are constructed and the location of the channel margins
and centerline can be estimated for different discharges. It is assumed that the slope of
the water surface is negligible over the modelled stretch. In this case, the channel margins for a certain discharge, are equal to the contour interval at the corresponding height
of the free surface. For a discharge of 9.3 m3 /s, the change of the width, depth, crosssectional area and curvature, normalized by the width, were determined along the modelled stretch of the Dommel (Figure 3). The centerline was resampled to an interval of
one meter. The curvature, normalized by the river width, is computed as:

C=W

x0 y 00 − y 0 x00
3

(x02 + y 02 ) 2

(3)

where C is the normalized curvature, W is the local width (m) and the prime (’) denotes
a derivative with respect to s, the streamwise coordinate. According to Hickin and Nanson (1984), a bend can be considered sharp for values exceeding 0.5. A moving average
filter with a bin width of 10 meters was applied to the normalized curvature, to reduce
peakiness. At the point of highest curvature, the local width is almost double the reachaveraged value. A significant scour is also observed, with its maximum depth four meters upstream of the point of highest curvature. In the Mahakan river, the maximum scour
depth systematically occurs approximately half the river width upstream of the the point
of highest curvature (Vermeulen, Hoitink, et al., 2014). The maximum scour depth exceeds the reach averaged depth by a factor 2.5.

3 Numerical Modelling
A three-dimensional finite volume model was constructed to reproduce and evaluate the flow of water through the sharp river bend. The numerical model was developed within the open-source C++ toolbox OpenFOAM (Weller et al., 1998). In the following sections, details of the numerical model will be elaborated.
3.1 Governing Equations and Numerical Methods
The governing equations of flow are solved using a Detached Eddy Simulation (DES)
approach, which is similar to the Large Eddy Simulation (LES) approach but does not
require severe grid refinement in near-wall regions (Spalart, 1997). In essence, one tur-
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Figure 3.

The width (a), maximum and mean depth, indicated by the solid and dashed line,

respectively (b), cross-sectional area (c) and the normalized curvature (d) along the stretch of the
Dommel for a discharge of 9.3 m3 /s. The grey box indicates the river bend, here delineated by
cross-section one and five (Figure 2).

bulence model is used which functions as a Reynolds-averaged Navier-Stokes (RANS)
model in regions characterized by a small turbulent length scale, often near wall-regions,
and as a subgrid-scale (SGS) model in regions where the turbulent length scale exceeds
the grid spacing (Strelets, 2001). When the turbulence model operates as a SGS model,
the mixing rate is reduced relative to an equivalent RANS mode, by replacing the dis˜
tance to the nearest wall (d) by a modified distance (d):

d˜ = min[d, CDES ∆]

(4)

where CDES is a constant and ∆ is the cube root of the grid cell volume (m). CDES
is kept at a default value of 0.82. Now, the energy cascade can be resolved up to the size
of the grid cells. In this study, the k − ω SST turbulence model (Menter, 1994) is applied, because this turbulence model is known to perform well for boundary layers with
adverse pressure gradients (Versteeg & Malalasekera, 2007). The k−ω SST turbulence
model resolves the transport of the turbulent kinetic energy (k) and the turbulence frequency (ω), after which it approximates the eddy viscosity from both variables.
Density is assumed to be constant and the rigid-lid approximation is applied to represent the free-surface, since the expected water level variations are small relative to the
grid spacing. Kara et al. (2015) and Khosronejad et al. (2019) found non-negligible differences in the flow field computed by a LES model with a rigid-lid approximation compared to level-set methods. However, the maximum Froude number observed in this study
(Fr = 0.07) is significantly smaller than the Froude number observed by Khosronejad
et al. (2019) (Fr = 0.36). Furthermore, the model domain in this study is not characterized by clear obstructions. Therefore, we can assume that errors in the computed flow
field as a result of the rigid-lid approximation are limited and the gain processing time
outweighs the reduction in accuracy (application of the level-set method resulted in a
five-fold increase in the study by Khosronejad et al. (2019)). The model solves the filtered Navier-Stokes equations for incompressible flows:
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where ūi are the filtered velocity components (m/s), p¯k is the filtered kinematic pressure (m2 /s2 ), ν is the molecular viscosity (m2 /s), and νt is the eddy viscosity (m2 /s).
Note that for constant density problems, OpenFOAM solves for the kinematic pressure.
Static pressure is retrieved by multiplication with density and the total pressure is calculated as follows:
ptot = ρpk + ρg(h − z)

(7)

where ρ is the density (kg/m3 ), g is the gravitational acceleration (m/s2 ), h is the height
of the rigid-lid (m) and z is the vertical coordinate (m). Also note that the eddy viscosity is calculated from the k−ω SST turbulence model and represents the Reynolds or
subgrid-scale stresses depending on the mode of operation of the turbulence model.
A uniform velocity field that matches the specified discharge and a pressure gradient field equal to zero are prescribed at the model inlet. At the outlet, the velocity gradient is set to zero when the flow is directed out of the model domain and the velocity
field is set to zero when the flow is directed into the model domain. The no-slip condition is imposed at the bed and at the banks and a full-slip condition at the atmospheric
boundary. In conjunction with the no-slip conditions, (rough) wall functions for the eddy
viscosity, turbulent kinetic energy and turbulence frequency are prescribed to satisfy the
physics of the flow and to account for the shear stresses near the wall (Cebeci & Bradshaw, 1977). The flow field is initialized by solving the Laplace equation of the velocity potential (ϕ), to reduce the spin-up time of the model. The corresponding pressure
field can be estimated from the divergence of the Euler equation. A complete overview
of all boundary and initial conditions and boundary conditions is given in the supporting information (Tables S1 & S2).
The system of equations is solved adopting a pressure implicit approach using the
merged PISO-SIMPLE (PIMPLE) algorithm. The temporal derivatives are discretized
using the Euler scheme and the laplacian and gradient terms are discretized linearly. The
divergence term in the momentum equation is discretized using a linear upwind scheme,
and the divergence terms in the transport equations of the k − ω SST model are discretized by means of a bounded upwind scheme.
3.2 Computational domain
The computational domain was generated using snappyHexMesh, one of the standard meshing tools of OpenFOAM. First, the banklines were determined from the smoothed
contour line that lies half a meter below the intended free surface height. The bank height
was set to 0.5 meters and banklines were smoothed using a Savitsky-Golay filter, with
order one and a filter length of 20 observations (Savitzky & Golay, 1964). Next, using
the bathymetry of the study site, a triangulated surface was created for each boundary,
which were then combined into a single STL (StereoLithography) file (Figure 4, step 1
and Figure 5). Then, a bankline-following hexahedral mesh, delineated by the intended
free surface height and the maximum depth, with an average cell size of 0.25 meters in
all directions, was constructed using blockMesh, another standard meshing tool of OpenFOAM (step 2). Subsequently, all cells outside of the triangulated surface are discarded
(step 3). Lastly, the outer cells are deformed (”snapped”) to match the triangulated surface (step 4). Sometimes, the number of faces is reduced during the deformation step.
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1. triangulated surface

3. castellatedMesh

2. blockMesh

4. snap

Figure 4.

Steps of the snappyHexMesh

Figure 5.

Computational domain: the bed

meshing algorithm. The vertical scale is exag-

and both banks are indicated in brown, the

gerated.

inlet, outlet and atmospheric boundary are indicated blue. The vertical scale is exaggerated.

For a free surface height of 6.96 m (corresponding to a discharge of 9.3 m3 /s (equation 2)), this results in a computational domain comprising 832413 cells, with 1957 cells
in the streamwise directions, 51 cells in the cross-stream direction and an average of 8
cells in the vertical direction. The root mean square error (RMSE) in the velocity magnitude is 0.0473 m/s compared to a model run with an average cell size of 0.125 meters
in all directions.
3.3 Model Execution
The computational domain is decomposed into eight subdomains, each assigned
to a processor, to speed up processing time. Communication between the processors is
carried out by Open MPI (Message Passing Interface). The numerical model was executed on the Anunna High Performance Cluster at Wageningen University and Research.
Approximately five hours of processing time is required for 30 minutes of simulated time
with a time step of 0.1 seconds. The model converges within 20 minutes of simulated time
and the statistics in the results section refer to the final 10 minutes of simulation time.
The RMSE in the velocity magnitude is 1.2*10-4 m/s compared to a model run with a
time step of 0.05 seconds. The flow field was evaluated for six different discharges; three
representing the lower quartile (4.3 m3 /s), median (5.7 m3 /s) and upper quartile (7.6
m3 /s) discharge, and three corresponding to the discharges that occurred during the field
campaigns by Geertsema et al. (in prep.).
3.4 Model Calibration
Model results are linearly interpolated to the cell centers of the mesh used for field
data analysis (Geertsema et al., in prep.). The roughness, parameterized by the Nikuradse length (kN ), was calibrated by a point-to-point comparison of the computed timeaveraged velocity magnitude against the velocity magnitudes observed in the field by Geertsema
et al. (in prep.). Some of the measured cross-sections are wider than the model domain.
Consequently, 14% of the measurement points are located outside of the model domain
and are thus not taken into account during calibration of the model. All cross-sections
from the field campaign at the discharge of 9.3 m3 /s and cross-section one from the campaign at the discharge of 13.0 m3 /s are used for model calibration. The other cross-sections
from the field campaign at the discharge of 13.0 m3 /s were not taken into account because the measurements do not show flow recirculation, whilst the model does. Includ-
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Figure 6.

Calibration of the model for different Nikuradse roughness lengths (kN ). The lowest

root-mean square error (RMSE) is obtained at a roughness of kN =1.76m and kN =0.93m for a
discharge (Q) of 9.3 m3 /s and 13.0 m3 /s, respectively.

ing cross-section one ensures proper representation of the velocity field upstream of the
bend, especially because this cross-section was not sampled during the other field campaign. For the model run and sampling locations with a discharge of 9.3 m3 /s, a Nikuradse length of 1.76 m resulted in the highest model accuracy (Figure 6). For a discharge
of 13.0 3 /s, the lowest RMSE is obtained for a Nikuradse length of 0.93 m, although, the
difference with a Nikuradse length of 1.76 m is limited. Therefore, the Nikuradse roughness length was set to 1.76 meters. For a reach mean depth of 1.6m, this corresponds
to a Chézy coefficient of 18.7 m1/2 /s, which is not uncommon for lowland streams. The
Chézy value of the Hooge Raam brook varried between 10 and 13 m1/2 /s (Eekhout et
al., 2013).
3.5 Model Validation
For a discharge of 9.3 m3 /s, the measured and modelled depth-averaged flow both
feature a large circulation zone near the outer bank (Figure 7). The modelled circulation zone is located slightly downstream of the measured location; at cross-section two,
the modelled velocity profile features a section of reverse flow, whilst all flow is directed
in the downstream direction according to the ADCP-measurements. Contrastingly, at
cross-section four the measured profile is characterized by a section of reverse flow, whilst
this section is absent in the simulated profile. The RMSE of the velocity magnitude is
0.11 m/s and the Pearson correlation coefficient is 0.65. The mean dot product between
the unit vectors of the measured and modelled flow is 0.96 (Figure 8). In other words,
the error in the flow direction is 3.7 degrees or less for half of the measurements. At crosssections two and three, a zone of vertical circulation is observed in the core of the flow
(Figure 9). This circulation zone is well reproduced by the numerical model.
For a discharge of 13.0 m3 /s, the modelled flow domain is characterised by a strong
horizontal circulation cell, whilst the measurements exhibit unidirectional flow. This is
also reflected by the dot product of the unit vectors; the difference in flow direction is
more than 170 degrees for 9 percent of all points. The measured and modelled horizontal velocity profiles at cross-section one are similar; the RMSE of the velocity magnitude
is 0.07 m/s. Vertical velocity profiles at cross-section are also reasonably similar, although
the near-bed velocity gradient seems slightly steeper for the measured profiles (Figure
10). The correspondence between the measurements and the model is highest near the
centerline. A comparison between the modelled and observed velocity field at the five
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Figure 7.

Measured and modelled depth-averaged velocity. The colored shades indicate the

depth, the black arrows represent the measured depth-averaged flow and the white arrows indicate the modelled depth-averaged flow.

cross-sections for a discharge of 13.0 m3 /s is given in the supporting information (Figure S1).

4 Results
4.1 Depth-Averaged Flow Structure
The depth-averaged flow structure features a large horizontal circulation zone in
the outer bend, that increases in size with increasing discharge (Figure 11). At all but
the lowest discharge (4.3 m3 /s), a small secondary eddy is also visible upstream of the
bend apex, indicated by the light green area of downstream directed flow within the outer
circulation zone. Furthermore, a small circulation cell is observed at the inner bank, which
diminishes in size as the discharge increases. At the lowest discharge, it is the inner circulation zone that features a small secondary eddy. The separation point of the outer
circulation zone is found near the entrance of the bend and moves in downstream direction at higher discharges.
Initially, the recirculation cells make that the area of the cross-section carrying discharge remains fairly constant (Figure 12a). Consequently, the maximum and mean velocity through the discharge carrying cross-section persist despite the increase of the total cross-sectional area (Figure 12b). The flow slightly converges above the scour hole.
Here, the strength of the reverse mass flux peaks at a discharge of 3.0 m3 /s, for a total
discharge of 9.3 m3 /s (Figure 12c). Except for the lowest discharge, the normalized reverse mass flux through the bend peaks at an approximately constant value of 0.33 (Figure 13). Downstream of the scour hole, the flow impinges on the outer bank and the discharge carrying cross-sectional area quickly increases. As a result, the flow strongly diverges and decelerates. At the reattachment point, a strong increase of water pressure
is observed (Figure 12d & Figure 15d). Friction losses in the bend induce a backwater
profile of approximately 70 meters in length, which corresponds to approximately 5 river
widths (Figure 14). Towards the bend exit, the flow accelerates and returns to a typ-
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Figure 8.

Probability density function of the dot product between the measured and mod-

elled velocity vectors. A value of 1 is indicative of a perfect agreement, a value of -1 opposite
vectors.

ical bend pattern, with the highest velocities found near the outer bank. The hydraulic
head rapidly drops and the lateral water level gradient diminishes.
The water surface topography based upon the first-order approximation by Vermeulen
et al. (2015) deviates quite significantly from the model results (Figure 15). Instead of
a gradual increase of the water level towards the outer bank, the numerical model predicts a more local rise of approximately one centimeter near the point where the flow impinges on the outer bank. A one-centimeter water level increase amounts to a 0.44 m/s
decrease of the flow velocity, according to Bernoulli’s law. Furthermore, a local depression of the water level surface is observed near the eye of the recirculation zone. The water surface topography depicts a similar pattern for the other discharges (supplementary
information, Figure S2).
4.2 Three-dimensional flow structure
Vertical cross-sections perpendicular to the flow direction reveal a complex flow pattern (Figure 9). Here, the results from the model run with a discharge of 9.3 m3 /s are
presented. Runs at other discharges show a similar pattern, with the exception of the
4.3 m3 /s run. At cross section 1, the core of the longitudinal flow is located in the middle of the cross-section and lateral flow is negligible. The velocity profile seems fully adapted
to the cross-section. At cross section 2, the core of the flow is located to the left of scour
hole, with two zones of upstream directed flow next to it. The core of the flow and the
outer circulation zone are separated by a strong vertical shear layer. At this shear layer,
the lateral flow converges and sinks towards the bed, where water from the circulation
zone rejoins the main flow. In the downstream directed flow, we observe a vertical circulation zone. This circulation zone is also present at the deepest point of the scour hole
(cross-section 3). Here, the strong downward flow in the outer bend has halted and the
core of the flow has shifted towards the scour hole. At cross-sections 2 and 3, the horizontal circulation zones significantly reduce the discharge carrying cross-sectional area,
especially if you keep in mind that part of the downstream directed flow belongs to the
circulation zones. At cross-section 4, essentially all flow is downstream directed and thus
the discharge carrying cross-sectional area increased significantly. As a consequence, the
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Figure 9.

Modelled and observed velocity field for a discharge of 9.3 m3 /s at the five cross

sections indicated in Figure 2. All profiles are plotted with the inner bank on the left side. The
colored shades indicate the flow component normal to the cross-section. The arrows indicate the
flow orthogonal to the flow component normal to the cross-section. The numbers 1–5 indicate
cross-section locations. The dashed line delineates the region of reverse flow. Cross-sections one
and five were not surveyed during this field campaign.

Figure 10.

Modelled (lines) and observed (circles) velocity profile for a discharge of 13.0 m3 /s

at the entrance of the bend (cross section 1). The figure headers indicate the distance to the river
centerline, where values increase towards the outer bank.
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Figure 11.

Depth-averaged streamwise velocity for six discharges, where positive values indi-

cate downstream directed flow. The dashed line delineates the region of reverse flow.

Figure 12.

(a.) Total, downstream-directed, and discharge carrying cross-sectional area,

where we assume that the recirculation area equals twice the upstream directed cross-sectional
area. (b.) Average, maximum, and core velocity. The velocity of the core is calculated by dividing the discharge by the discharge carrying cross-sectional area. (c.) reverse mass flux (d.)
Cross-section averaged water level difference, with respect to the downstream end of the model
domain. The shaded area indicates the range of water levels at each cross-section. All values are
derived from the model run with a discharge of 9.3 m3 /s.
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Figure 13.

Figure 14.

Normalized reverse mass flux for each of the different discharges.

Water pressure profile for a discharge of 9.3 and 13.0 m3 /s, where pressure is ex-

pressed in hydraulic head. The solid line indicates the width-averaged pressure and the shaded
area denotes the range of values found within the cross-section. The dashed lines indicate the
location of the river bend, here delineated by cross-section one and five (Figure 2).

Figure 15.

Water surface elevations for a discharge of 9.3 m3 /s based on (a.) equation 1 and

(b.) on the model results. The friction term in equation 1 was not taken into account.
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Figure 16.

Streamlines showing the origin and fate of the water entering the bend at a height

of (a) 6.86 m and (b) 5.96 m. The streamlines were computed from 100 seed points upstream
of the bend, 0.1 and 1 meter below the top of the computational domain. The colors of the
streamlines indicate their elevation. The flow is from the bottom to the top of the figure. The
streamlines are based on the velocity field averaged over a period of 10 minutes for a discharge of
9.3 m3 /s.

flow strongly decelerates. At the downstream end of the bend (cross section 5), the flow
rapidly converges and accelerates. The core of the flow is located near the outer bank.
From the previous results, we can deduce that the flow impinges on the outer bend
and then either continues downstream or flows into the circulation zone. Within the circulation zone, we observed a strong downward flow, with a maximum strength of 0.1 m/s,
towards the scour hole. Here, the flow rejoins the main flow and exits the bend. This
patterns also emerges if we follow the streamlines from upstream seed points into the bend
(Figure 16). The streamlines were computed from a velocity field for a discharge of 9.3
m3 /s, averaged over a 10-minute period. Water that enters the bend near the free surface and then turns left, in the downstream direction, or right, into the circulation zone.
Within the circulation zone, the water spirals downward, where it rejoins the main flow
and follows the bed whilst exiting the bend. Water that enters the bend at a depth of
one meter, does not enter the circulation zone but exhibits a typical helical flow pattern,
characteristic of mild river bends. Streamlines that enter the bend near the outer bank
dip down and end up below the streamlines that entered the bend at the inner bend.
4.3 Bathymetry-based approximation of the detachment point
Based on the observation that the location and normalized discharge of the horizontal circulation zones are rather constant above a discharge of 5.7 m3 /s (Figure 11
and 13), we hypothesize that bend morphology is the main driver of flow separation in
sharp river bends. Subsequently, we set out to derive a first-order approximation of the
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location of the onset point of horizontal circulation, based on the bend bathymetry. We
consider the stationary, two-dimensional St. Venant equations expressed in curvilinear
orthogonal coordinates (Batchelor, 1970):
∂us h
∂
+
[(1 + nC)un h] = 0
∂s
∂n

(8)

1
∂us
∂us
C
1
∂zw
τs
us
+ un
+
us un = −
g
−
1 + nC
∂s
∂n
1 + nC
1 + nC ∂s
ρh

(9)

∂un
∂un
C
∂zw
τn
1
us
+ un
−
u2 = −g
−
1 + nC
∂s
∂n
1 + nC s
∂n
ρh

(10)

where us and un are the streamwise and lateral velocity component (m/s), respectively,
h is the local water depth (m), C is the centerline curvature (m-1 ), g is the gravitational
acceleration (m2 /s), zw is the local height of the free surface (m), and ρ is the water density (kg m3 ). τs and τn are the streamwise and lateral shear stresses at the river bed (Pa),
respectively, which can be estimated using the Einstein (1951) relationships:
τs = ρCf us

p
u2s + u2n

(11)

p

(12)

τn = ρCf un

u2s + u2n

where Cf is the friction coefficient (-). If we assume that radius of curvature (R = 1/C)
is much larger than half the river width, 1+nC can be approximated as 1. We also assume that the effects of friction and turbulence are negligible and that the transverse velocity component is much smaller than the streamwise component (us >> un ). If this
is the case, lateral transport of streamwise momentum can be neglected as well. These
assumptions reduce our set of equations to:
∂us h
=0
∂s
us

(13)

∂zw
∂us
+g
=0
∂s
∂s

(14)

Equation 14 can be rearranged to single out the free surface slope:
1 ∂u2s
∂zw
=−
2g ∂s
∂s

(15)

Now that we have expressed the depth-averaged, streamwise velocity in terms of
the gradient of the free-surface, we can combine it with the first-order of the free surface by Vermeulen et al. (2015) (Equation 1):
1 ∂u2s
∂
= Cf F r 2 − F r 2
2g ∂s
∂s



H
R


n−

F r2 ∂A
W ∂s

Next, we express the Froude number in terms of discharge (Q), assume that the
streamwise change of the mean depth is much smaller than the curvature, and rewrite
the cross-section term according to the reciprocal rule:
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(16)

2Q2 ∂
∂u2s
2Q2
−
= Cf
∂s
HA2
A2 ∂s



1
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n+Q
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2

1
A2


(17)

Then, we rewrite the curvature term using the product rule and the definition (C =
1/R):
2Q2 ∂
A2 ∂s



1
R



2



n = 2Q

∂
∂s



C
A2



∂
−C
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1
A2


n

(18)

If the radius of curvature does not become to small (O(1)), we can neglect the second term on the RHS. If we then also assume frictional effects are negligible, we are left
with:
 
 
∂
1
C
∂u2s
2 ∂
n
= Q2
−
2Q
2
∂s
∂s A
∂s A2
|
{z
} |
{z
}
Cross−section

(19)

Curvature

By linearizing the streamwise derivatives, we can integrate from the bend entrance
(s = 0) to the onset point of flow separation (s = s1 ), where we define us (0) = u0 ,
us (s1 ) = u1 and C(0) = 0:
u21

−

u20

2

=Q



1
1
− 2
2
A1
A0



2

− 2Q



C1
A21


n

(20)

Flow separation will occur at s = s1 if:
u20

2

<Q



1
1
− 2
2
A0
A1



2

+ 2Q



C1
A21


n

(21)

Next, we try to find an expression for the lateral distribution of the velocity at the
bend entrance (u0 ). For brevity, we drop the zero subscript. If we assume that the flow
has fully adapted to the cross-section prior to entering the bend, we can make use of the
mixing length formulation:
∂u
u∗ 1
=
∂z
κ z

(22)

where z is the vertical coordinate (m), κ is the Von Kármán constant (-), and u∗ is the
friction velocity (m/s), which depends on the shear stress (τbed ) at the bed:
r
u∗ =

τbed
ρ

(23)

According to the following definitions:
τbed = ρCf ū2

(24)

g
2
CChézy

(25)

Cf =

ū = CChézy
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p

Hib

(26)

u∗ can be rewritten as:
u∗ =

p

gHib

(27)

Furthermore, the roughness length z0 , can be expressed as the Nikuradse equivalent sand roughness length ks :
ks = 30z0

(28)

which gives an expression for the logarithmic velocity profile in the form of:
√
u=

gHib
ln
κ



30z
ks


(29)

Integration over the depth gives:
√
ū =

gHib
κ

 


30h
ln
+1
kz

(30)

We seek a relation of the depth averaged velocity to the cross-sectionally averaged
velocity U . For this we integrate the above equation over the width:
√
U=

gHib
Wκ

Z

1
2W


ln

− 21 W

30h
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+ 1dn

(31)

We can find an expression of the ratio of depth-averaged velocity to cross-sectionally
averaged velocity:

ū
=
U

ln
1
W

R



+1
+1
ln 30h
kz




=
hln 30h
+ 1i
ln 30h
+ 1dn
kz
kz



1
2W
− 21 W

30h
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(32)

We can now express the U in terms of discharge and cross-sectionally average area,
and recovering the underscore notation for the cross-section we have:
√
Q
h
√ 0
u0 =
A0 h h0 i

(33)

We combine this with equation 21 to find:
h
A2
√ 0 2 < 1 − 20
A1
h h0 i



2n
1−
R


(34)

√
√ 2
If we assume that h hi2 = h h i, this relation can further be simplified to:
A2
h0
< 1 − 02
H0
A1



2n
1−
R

(35)

This endeavour resulted in a condition, that locates where along a streamline flow
separation is likely to occur(equation 35). As we assumed that lateral velocities are negligible, all streamlines are parallel to the banks and centerline. Now can approximate the
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Figure 17.

Location of the detachment points based on (a.) equation 35, and (b.) the De-

tached Eddy Simulation (DES). The black circles mark the location of the detachment point and
the shaded area delineates the area where upstream-directed flow is expected. (c.) Width of the
zone with upstream-directed flow, predicted by equation 35 and the DES.

location of possible detachment points by examining where along the streamlines close
to the bank the condition is fulfilled. The equation approximates the downstream location of the inner and outer detachment point successfully within 3 meters, for a discharge
of 9.3 m3 /s (Figure 17). At all discharges, the equation overestimate the streamwise coordinate of the onset of flow separation, in other words, the equation predicts the detachment point downstream of the point simulated by the DES (Figure 18). At the outer bend,
the equation captures the downstream migration of the detachment point with an increasing discharge (Eq. 35: R2 = 0.47, RMSE = 1.89m). The equation is less successful at locating the inner detachment point (Eq. 35: R2 = -7.53, RMSE = 4.55 m).
The equation also be used as a first-order approximation of the lateral constriction
of the flow by the circulation zones (Figure 17c). Directly after the outer detachment
point, the width of zone that is characterized by upstream-directed flow is approximated
successfully. If we continue further downstream, the discrepancy between the equation
and the DES increases, as the assumptions underlying equation 35 become increasingly
unsound. The equation underestimates maximum width of the upstream-directed zone
by 2.7 meters.

–20–

Figure 18.

Streamwise coordinate of the inner and outer detachment point based on equation

35 (plus-signes) and the Detached Eddy Simulation (circles), for each of the discharges.

5 Discussion
We applied a parallelized DES-3D, turbulence-resolving model to simulate the flow
pattern and water pressure profile at a sharp bend of the Dommel river, for a range of
discharges. To construct the model domain and derive geometric parameters, we combined measurements from an ADCP-campaign, a land survey and the Dutch Digital Elevation model (DEM). The novel combination of bank topography and channel bathymetry,
allows simulating a wide range of discharges, each with slightly different lateral boundaries. This is especially important for the investigation of flow separation and horizontal circulation, which are both highly sensitive to the near-bank geometry. This is highlighted in equation 35, which indicates that the ratio of the local depth to the width-average
depth imposes a critical influence on the onset of flow separation. This ratio is most likely
to tip in favor of flow separation near the banks, where local depths are smallest. Numerical or experimental modelling efforts employing high vertical banks (e.g. Blanckaert
(2010); Jamieson et al. (2010); Termini and Piraino (2011)) therefore might underestimate the occurrence of horizontal flow separation.
Due to a failure of the GPS-device, the location of the ADCP-measurements is highly
uncertain. Consequently, some of the measurements lie outside of the model domain, mostly
near the banks (Figure 7). The uncertainty of the location of the ADCP-measurement
locations also propagates into the constructed bathymetry and the exact location of the
scour hole. Thus, to increase confidence in the model results, it would be good to conduct a second ADCP-campaign and increase the number of sampled cross-sections. This
would also allow for pinpointing the locations of the detachment and reattachment points
with higher confidence. Furthermore, by increasing the number of cross-sections, you are
more certain that you actually sampled the deepest section of the scour hole.
The measurements of the field campaign at a discharge of 9.3 m3 /s were well reproduced by the DES model. The model captured the location and width of the outer
horizontal circulation cell, although it slightly overestimated the total size. The agreement between the measurements at the discharge of 13.0 m3 /s and the model results was
limited. The velocity profiles at the bend entrance were reproduced successfully. Further downstream, the model simulated a large zone of horizontal flow circulation in the
outer bend. The measurements, on the other hand, showed no signs of such a flow pattern. Several other studies observed an outer bend circulation cell in sharp river bends
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with a widening outer bank (e.g., Parsons, 2003; Nanson, 2010; Vietz et al., 2012; Schnauder
& Sukhodolov, 2012). Parsons (2003) conducted measurements at multiple discharges
and noted a relatively consistent size of the circulation cell. The 2-D hydrodynamic model
adopted by Vietz et al. (2012) showed similar results. Therefor, we still deem the model
results thrust-worthy. The stability of the circulation zone for varrying discharges can
also be expected based on the analytical model developed in this study (equation 35. Unless a floodplain becomes inundated, an increase of the discharge will increase the numerator and denominator in the depth-fraction (LHS) and area-fraction (RHS) more or
less similarly. Nonetheless, the transience and stage dependence of horizontal circulation zones require more attention in the literature. Field measurements with multiple
revisits and remote sensing approaches (e.g., Particle Image Velocimetry) have the potential to elucidate the transient behaviour of the flow in sharp river bends. Additionally, numerical modelling with idealised bend configurations should be employed to study
the role of geometric variables on horizontal flow circulation. This would allow the systematic study of the transition of boundaries in an attached state to a separated state,
and vice versa.
The simulations in this study are consistent with observations and model results
from other studies. As mentioned previously, the consistency of the outer circulation cell
area was also noted by Parsons (2003) and Vietz et al. (2012). Furthermore, we observed
asymptotic behaviour of the ratio of circulation flux to the discharge, reaching a constant
value above a discharge of 4.3 m3 /s (Figure 13), which suggests a constant partitioning
of the impinging flow, to the upstream and downstream direction. Further research is
required to investigate whether such constant partitioning is also observed at other bends,
and to study the role of the impingement angle. Several studies observed the formation
of a jet-like flow structure in between the inner and outer circulation cell (Schnauder &
Sukhodolov, 2012; Vermeulen et al., 2015). Although the flow does not accelerate, crosssection 3 portrays a similar profile (Figure 7). The horizontal circulation cells maintain
an approximately constant discharge-carrying cross-sectional area, despite the total crosssectional area increasing steadily. Within the jet-like flow structure, a helical flow pattern develops. The section upstream of the bend was straightened. Consequently, the
flow has fully adapted to the cross-section and no helicity from the previous bend persists. Similar to the observations by Vermeulen et al. (2015), a downward spiraling flow
into the scour hole was found in the outer circulation cell.
The water surface features a highly-localized maximum, of approximately 1 cm, at
the point where the core of the flow impinges on the outer bank. At this point, most of
the kinetic energy of the core of the flow is converted into potential energy. Lateral water level differences of O(1-2cm) were also observed in the 235m-wide Mahakan river (Vermeulen
et al., 2015), and in a 1.3m-wide, curved flume (Blanckaert, 2010). Characteristic velocities were all of O(0.5 m/s). Thus, water levels at the reattachment point scale seem to
be independent of the bend size and scale with kinetic energy of the impinging flow. The
size of the outer bend water level increase is likely related to the impingement angle. In
this study, the flow impinges approximately at a 90-degree angle, which might explain
the limited size of the water level maximum. Friction losses in the bend induce a backwater effect of approximately five river-widths in length (Figure 14). To the best of our
knowledge, other studies did not report any significant backwater effects upstream of sharp
river bends, although most studies do not focus on upstream water levels. Nonetheless,
backwater effects have been identified as a possible driver of chute cutoffs (Eekhout &
Hoitink, 2015).
We hypothesize that bend morphology is the main driver of flow separation and
horizontal circulation in sharp river bends and derived an equation that approximates
the onset location of horizontal flow circulation based on bend geometry. The equation
successfully predicts the location of the detachment point on the outer bank. Pinpointing the location of the inner detachment point is less fruitful, presumably because model
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assumptions are violated once the outer boundary layer has separated. Most notably,
the assumption that lateral momentum exchange is negligible seems unsound once horizontal circulation develops near the outer bank. Nonetheless, the successful prediction
of the outer detachment point suggests that bend configuration is indeed the main driver
of horizontal circulation in sharp river bends. The condition will only identify inner-bend
circulation zones, if they are primarily generated by the increase of the cross-sectional
area. The inner-bend circulation zone, that is known to sometimes develop downstream
of the apex as a consequence of a decrease in lateral tilting of the water surface, cannot
be approximated because, although an adverse pressure gradient is present, water levels merely return to their original height. The resulting equation can be used to rapidly
identify river bends prone to laterally separated flow and to estimate the maximum constriction of the width by the zone of upstream-directed flow. We can further explore the
implications of equation 35, if we a assume a parabolic depth profile at the bend entrance
(s = 0):

h(n) = 1 −

|n|
0.5W

a
(36)

where h(n) is the depth, normalized by the maximum depth, n is the lateral coordinate
(m), which increases towards the outer bank and has its origin at the centerline, W is
the local river width (m), and a is a shape factor. The depth profile becomes more rectangular as the shape factor, a, is increased. Using equations 35 and 36, we can estimate
the fraction of the width that is characterized by upstream-directed flow for different area
ratio’s and different curvatures (Figure 19). When the curvature is limited and the crosssectional area decreases or remains constant, no reverse flow is expected (top left). As
the curvature and/or the cross-sectional area increases, a zone of reverse flow is expected
to appear (left or bottom, respectively). The sensitivity to the local cross-sectional area
increase reduces when the channel is more rectangular (right panel). As we assumed that
the velocity at the bend entrance scales with the depth (equation 33), a more rectangular depth-profile corresponds to a more uniform lateral velocity profile.
Lateral migration rates are known to increase as the curvature increases, up to a
certain threshold, after which migration ceases (Page & Nanson, 1982; Hickin & Nanson, 1984; Güneralp & Rhoads, 2009). From equation 35, we can formulate an explanation for the morphological stability of sharp river bends. If we imagine a mildly curved
bend without an increase of the cross-sectional area, it would be located somewhere in
the top left of the parameter landscape (figure 19). Outer bank erosion will gradually
increase the curvature of the river bend, until lateral flow separation starts to occur. This
is analogous to moving to the right in the parameter landscape. As the horizontal circulation zones develop, velocities near the outer bank are reduced, putting a halt to the
lateral migration. Additionally, a jet-like flow will establish near the centerline. Slowly,
this jet will erode the bed and initiate scour formation. Scouring will subsequently lead
to an increase of the local cross-sectional area, which is analogous to moving downward
in the parameter landscape. The increase of the local cross-sectional area invokes a further increase of horizontal flow circulation near the banks. A positive feedback loop can
be recognized that continues until the scouring potential of the central jet becomes insufficient. Hence, the bend ends up in a stable regime characterized by high curvature,
a significant scour hole and horizontal flow circulation. This trajectory corresponds to
the stabilizing regime defined by Hooke (2003). Most meanders do not end up in this
stable regime because cutoff’s occur before a critical curvature is reached or the outer
bank was fixated. In our parameter landscape, neck or chute cutoff can be envisioned
as counter-clockwise circulating trajectories in the top left corner. Sharp river bends are
often found meandering through relatively erosion-resistant material (Leeder & Bridges,
1975; Nicoll & Hickin, 2010; Nanson, 2010; Candel et al., 2020). The erosion resistance
in these setting could well suppress the occurrence of neck- and chute cutoffs, hereby al-
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Fraction of the river width that is characterized by reverse flow (upper panels), for different ratios of the cross-sectional area at the bend entrance

(A0 ) and in the bend (A1 ), different curvatures (C), normalized by the local river width, and different depth profiles at the bend entrance (lower panels).

Figure 19.

lowing the bends to reach a critical curvature and develop towards the stable, sharplycurved regime.

6 Conclusions
In this study, we investigate the flow structure through a sharp river bend of the
Dommel river for a variety of discharges, using the computational fluid dynamics model,
OpenFOAM. In this bend, a large scour hole has developed upstream of the bend apex,
with a maximum scouring depth exceeding the reach-average by a factor 2.5. Simultaneously, the river width doubles. The high curvature and the increase of the cross-sectional
area generate an adverse pressure gradient and hence, promote the onset of horizontal
flow recirculation. The circulation zones allow the core of the flow to maintain momentum, despite the rapid increase of the cross-sectional area. Downstream of the circulation cells, the flow impinges on the outer bank, which induces a local raise of the water
level. This set-up influences upstream water levels as far as five river-widths ahead of
the point of impingement.
In the outer bend, a large circulation zone is observed for all discharges. The size
and normalized strength of the circulation cell remain surprisingly stable as the discharge
is varied. At all but the lowest discharge, the recirculation flux amounts approximately
65 percent of the total discharge. Based on these observations, we hypothesized that bend
configuration is the main driver of flow separation in sharp river bends and developed
a first-order model for the estimation of the location of the detachment point. The model
stresses the importance of lateral differences of the depth-averaged velocity profile at the
bend entrance. The success of the model in pinpointing the outer detachment point suggests that flow separation in this sharp river bend is indeed primarily driven by its configuration. Additionally, the model provides an explanation for the occurrence and stability of anomalously sharp river bends. When cutoffs are suppressed in relatively erosionresistant material, river bends can attain a critical curvature, at which points regions of
reverse flow appear. A positive feedback loop between the horizontal circulation at the
banks and the scouring in between, steers the bend to a stable regime, characterized by
a high curvature, a significant scour hole and large circulation cells.
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