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ABSTRACT

Bank-attached vanes (BAVs) are triangular vanes to protect the outer banks of river bends against
erosion. However, their performance for higher or lower bankfull depth is uncertain. This study
aims to validate the Flow3D numerical model, to study the effects of submergence and emer-
gence of BAVs on flow patterns and bed shear stresses at h/H = 0.5, 1, 1.5 and 2 (h = flow
depth, H = BAV height) and constant Froude number. The results showed that a recircula-
tion cell, 1.046 times the structure’s length, developed behind the emerged BAV (h/H = 0.5),
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whereas no recirculation occurred behind the submerged BAV (h/H = 1, 1.5 and 2). Increas-
ing the flow depth undermined the BAV's effectiveness in reducing bed shear stress near the
outer bank. The bed shear stress near the BAV’s tip at h/H = 0.5, 1, 1.5 and 2 was equiv-
alent to 1.67, 1.45, 1.3 and 1.24 times the average bed shear stress upstream of the bend,

respectively.

1. Introduction

Riverbank erosion is a key problem in river engineer-
ing. It can destroy buildings, infrastructure and agri-
cultural lands, but also threatens aquatic ecosystems
(Biedenharn et al., 1997; Salehzadeh et al., 2023). Two
essentially different approaches to counter this erosion
can be distinguished. The first approach focuses on
increasing the resistance against erosion by reinforcing
the bank, e.g. by revetment of the slope or scour pro-
tection at the bank toe. The second approach reduces
the erosive attack on the riverbank (Bora & Kalita,
2021), following two possible principles. The first prin-
ciple is that the countermeasure keeps the main flow
away from the bank (groynes, spurs, stream barbs). The
second principle is based on counteracting the trans-
verse helical flow that is generated in river bends by
an interaction between centrifugal forces and trans-
verse pressure gradients. This helical flow causes deeper
toe scour and higher flow velocities at the outer bank
(Blanckaert & Graf, 2001; Deng et al., 2019; Julien, 2002;
Kashyap et al., 2012; Koken & Gogus, 2015; Khosrone-
jad, Kozarek, Diplas et al., 2015; Pandey et al., 2018).
The counteracting of helical flow can be achieved by
structures that generate a vortex rotating in the opposite
direction (submerged vanes, bandal-like structures),
cf. Odgaard (2009). A disadvantage of structures like
groynes and spurs is that they produce deep scour at
the nose (Oberhagemann et al., 2020) that could lead
to the collapse of the structure or even induce flow

slides of the riverbank (Mastbergen et al., 2019; Van
der Wal, 2020). The scour can be reduced by design-
ing the groyne or the spur in such a way that water
can pass, with decreasing blockage from the root in the
bank to the nose of the structure. This design reduces
the transverse gradients in flow velocity and thereby the
associated turbulence. Van der Wal’s (2020) permeable
groynes form an example.

Innovations have resulted in novel structures that
combine different working principles. For instance,
Rodriguez-Amaya et al. (2020) applied submerged
vanes in groyne-like arrangements that not only reduce
the effects of helical flow but also keep the main flow
away from the bank. Bank-attached vanes (BAVs) com-
bine three working principles. First, they keep the main
flow away from the outer bank by protruding into the
river. Second, they generate a vortex counteracting the
adverse transverse helical flow thanks to their place-
ment under an angle with respect to the bank. Third,
they reduce local scouring around the nose because
they have a triangular shape that slopes from the highest
level at the bank (maximum blockage) to zero elevation
at the nose (zero blockage). The height of the vane at the
bank is equal to the flow depth at bankfull discharge.
The BAV is installed at a slight angle (e = 20-30°)
to the upstream bank (Bahrami Yarahmadi & Shafai
Bejestan, 2016a; Galia et al., 2016; NRCS, 2007; Pagliara
& Kurdistani, 2017; Rosgen, 2006; Shields, 1983). The
BAV, unlike a conventional spur dike, only slightly
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disturbs the river flow and is suitable for the protec-
tion of outer banks of river bends against erosion as well
as aquatic habitat improvement (Hey, 1996; Rosgen,
1996, 2006). Similar to all in-stream structures, BAVs
still produce local scour at their tip which may cause
their failure. Bahrami Yarahmadi and Shafai Bejestan
(2016b) found that the scour depth around the nose
of a BAV is about 49% less than around an emerged
spur dike. Bahrami-Yarahmadi et al. (2020a) found that
the maximum scour depth and volume at a series of
BAVs are 44% and 70% lower than at rectangular spur
dikes.

Bhuiyan et al. (2010) carried out the first systematic
study of the performance of BAVs in a sinusoidal sand-
bed bend channel. BAV's were shown to fill the erosion
hole formed at the outer bank with sediments, push-
ing the thalweg toward the centre of the channel. BAV's
installed in series at 30° were found to outperform 20°
BAVs. Bahrami-Yarahmadi (2014) and Bahrami Yarah-
madi and Shafai Bejestan (2016a) studied how BAVs
affected scour and deposition in a 90° bend under clear-
water conditions. They found that the lowest scour
depth occurred at the toe of BAVs if their spacing was
five times the vane’s effective length (or less), their angle
with the upstream bank was 23 or 30°, and their effec-
tive length was one-fifth of the flume width. Bahrami
Yarahmadi and Shafai Bejestan (2020b) experimentally
studied secondary flows and bed shear stress around a
single BAV. They found that a vane-induced secondary
flow developed opposite to and stronger than the bend-
induced secondary flow behind the vane. This reduced
bed shear stress near the outer bank by 80%, pre-
vented the bend-induced secondary flow from reach-
ing the outer bank, and transported the bed sediment
transversely toward the outer bank creating a longitu-
dinal bar. Researchers have used this vane advantage
and studied new structures to increase sedimentation
capacity near the outer bank. Ferro et al. (2019) studied
the combination of a triangular vane with a permeable
spur dike. Shokrian Hajibehzad et al. (2020) investi-
gated the performance of triangular vanes attached to
permeable groynes in series and confirmed the results
of Ferro et al. (2019). Kalamizadeh et al. (2021) studied
the effects of permeable BAVs made by six-pillar con-
crete elements on the scour and deposition pattern in a
180° bend.

We present the first numerical analysis of the effects
of BAVs, but research on other in-stream structures
to protect river banks can put this into perspective.
For instance, Khosronejad, Hill et al. (2013), Khosrone-
jad, Kozarek, and Sotiropoulos et al. (2014), Khosrone-
jad, Diplas et al. (2016), Khosronejad, Kozarek, Diplas
et al. (2018) and Kang et al. (2020a, 2020b) carried
out elaborate laboratory experiments and numerical
simulations of flow structure and scour around rock
vanes, cross vanes, J-hook vanes, bendway weirs, and
w-weirs.

Despite earlier research, the effect of submergence
and emergence on flow patterns and bed shear stress
around BAVs has not received attention. This is rel-
evant for choosing the representative conditions for
design. The studies of Jalili et al. (2018) on a series
of bandal-like spur dikes and Safaripour et al. (2022)
on a submerged vane showed that the submergence
ratio affects the bed topography around the structures.
Present design criteria indicate that the height of the
BAV at the outer bank should be equal to the flow depth
at bankfull discharge. However, in many natural rivers,
flow discharge and flow depth vary over time and this
affects flow patterns and bed shear stress. The objective
of this study is therefore to numerically assess the effects
of submergence and emergence of BAVs on flow pat-
terns and bed shear stresses. For this we use the Flow3D
software, validating the results against measured data
from laboratory experiments.

2. Materials and methods
2.1. Experimental model

We used the experimental data of Bahrami-Yarahmadi
et al. (2020b) to validate the Flow3D numerical model.
The experiments were conducted in a 70-cm wide
curved flume (90° mild bend, R/B = 4, where R denotes
the average bend radius, and B is the flume width). The
straight reaches upstream and downstream of the 90°
bend were 5 and 3 m long, respectively. The inner and
outer radii of the flume bend were 2.45 and 3.15m.
Flume walls were made of glass in straight reaches
upstream and downstream of the bend, whereas 10-
mm Plexiglas walls were used in the curved part. The
slide gate at the end of the downstream straight reach
regulates the flow depth. The flume bed consisted of
uniform sediment with dsp = 1.5 mm and a geometric
standard deviation, oy, of 1.2 (6 = /dsa/d16), where
di16 and dgy are the grain sizes for which 16% and 84%
of sampled particles are finer, respectively) (Bahrami-
Yarahmadi et al., 2020b).

Bahrami-Yarahmadi et al. (2020b) carried out exper-
iments with and without the BAV. In both groups
of experiments, three-dimensional components of the
flow velocity were measured by an ACM3-RS JFE
ALEC electro-magnetic velocity meter with a +2% or
0.5cms™! accuracy. In both cases, the bed sediments
were levelled and stabilized so that no sediment parti-
cle would move along the flume during velocity mea-
surements. The flow depth was considered equal to
the height of the BAV. In both experiments, the dis-
charge and flow depth (in the straight reach upstream
of the bend) were 22 1s™! and 13 cm. Accordingly, the
Froude (F;) and Reynolds (Re) numbers of the flow in
the straight reach upstream of the bend were 0.214 and
22799, respectively.



(@)
—_

JOURNAL OF HYDRAULIC RESEARCH 17

Inlet Basin

e

MOl

70 cm

Outlet Basin

Figure 1. () Plan view of the flume and the triangular vane layout in the outer bank, (b) sketch of the vane parameters, (c)

photograph of the triangular vane in the bend.

A single BAV was used in experiments with the vane.
The BAV was made of 5-mm Plexiglas and installed at
the outer bend at a position of 72° relative to the begin-
ning of the bend with a 30° angle (). The height, the
length (L,), and the effective length (L) (i.e. distance of
the tip of the vane in the bed from the outer bank) of
the BAV were 13, 30 and 14 cm, respectively. Figure 1
shows the experimental flume plan and the BAV
layout.

2.2. Numerical modelling

Flow3D can simulate an extensive range of flow con-
ditions for complex fluid dynamics problems. The
software package relies on the finite-volume method
(FVM) to solve the equations governing the flow by
structured meshing and uses the volume of fluid (VOF)
method to calculate the free water surface in open chan-
nels. The model can analyse the flow field in one, two
and three dimensions (Fathi-Moghaddam et al., 2018;
Parsaie et al., 2022).

Governing equations

This study employed the Flow3D software to solve
the 3D equations governing the movement of flow.
The researchers utilized the continuity and momen-
tum equations as the fundamental governing equa-
tions in their analysis. The continuity equation in
its incompressible form is represented by

Equation (1):

0 0
Vi _(p) +

o Rsor
ot o0x

0 0
(uAy) + E(VA)/) + &(WAZ) =
(1)

where (u, v, w) denote the velocity components in the
(x, y, z) directions, (Ax,Ay,AZ) represent the fractional
area of flow in the (x, y, z) directions, V¥ represents the
fractional volume of flow, p denotes the mass density of
the fluid, and Rgpg represents the mass source (Fathi-
Moghaddam et al., 2018). The momentum equations
can be expressed as follows:

ou 1 ou ou ou
5 + — \vAx— + VA, — +wA,—

\%43 0x oy 0z
10op
=—-2 4G 2
p6x+ x + fx (2)
8v+ 1 4 n A8v+ Aav
—+—|u VAy— + WA, —
ot Vp\' 0 ) ‘oz
10op
=—L4G+f (3)
p oy
6w+ 1 A w+ A6w+ Aaw
—+—\u VA, — + WA, —
ot Ve \' "o Y oy ‘o
10op
=———+Gz+fz 4
p6z+ + f: (4)

In which (G, Gy, G;) represent the body accelera-
tions, while (fy, f,, f;) represent the accelerations caused
by viscosity in different directions (Fathi-Moghaddam
etal., 2018).
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Turbulence models

We employed the k-¢ standard, RNG and LES turbu-
lence closure models to validate the numerical model.
In the simulations of the present study, we found that
results from the RNG turbulence model agreed best
with the laboratory data (see the Validation section
below). The RNG turbulence model is based on the Re-
Normalisation Group (RNG) and employs a statistical
approach to solve the averaged equations for turbu-
lence quantities, specifically turbulence kinetic energy
(k) and turbulence dissipation rate (¢). This model is
widely used in turbulent flow simulations due to its
effectiveness in capturing complex turbulent behaviour.
The turbulent flow simulation using the RNG turbu-
lence model involves solving the following equations:

8 8 or AN
(k) + < (pkui) = = AL d
51 PR T gy k) = o2 _(” * ak) ox; |
+ Py — pe (5)
5 P o T AN
at(pg) + 0x;i (peui) = 0x;j _(ﬂ + ag) 0x; |
€ , &
+ Cie Epk - ngp? (6)
" Cun?(1—
where C2£=CZS+W, n=_Skje, S=

V2SS and 5 = 1 (34 + 32).

in which u; signifies the velocities in the x, y and
z directions, t denotes time, p denotes the volume-
fraction averaged mass density, u; denotes turbulent
viscosity, and u denotes molecular viscosity. Below
are the values of the constants in the above equations
(Yakhot et al., 1992):

C, = 0.0845, Cj, = 142, Cy, = 1.68, oy = 0.7194,
o, = 0.7194, 5o = 4.38, f = 0.012

Computational domain, boundary conditions, and
grid layout

After representing the 90° curved flume in Flow3D, the
computational domain was meshed using four mesh
blocks (Figure 2). Mesh block #1 was used for the
straight reach upstream of the bend, mesh block #2 for
the flume bend, mesh block #3 for the straight reach
downstream of the bend, and mesh block #4 for the
area surrounding the BAV. Three simulations were con-
ducted to determine the optimal mesh size. In the first
simulation, the mesh blocks 1-4 had 2, 1, 1 and 0.4 cm
cells, respectively. The cell sizes were changed to 2, 1.5,
1.5 and 0.4 cm in the second simulation and 3, 2, 3 and
0.4 cm in the third run. Given the 0.5 cm thickness of
the BAV, 0.4 cm cells were always used in mesh block
#4. The total number of cells in the first, second and
third simulations were 3882420, 1444510 and 782625,
respectively. Figure 3 shows the simulation results. The
horizontal and vertical axes represent the cell count

in the simulation and the depth-averaged longitudinal
velocity at 72° and 76° sections. As shown, using more
than 1444510 cells does not change the depth-averaged
longitudinal velocity significantly. Increasing the num-
ber of cells does not make the results more accurate but
increases the simulation runtime. Therefore, we used a
total of 1444510 cells. Mesh blocks #1 to #4 comprised
52500, 890420, 130340 and 371250 cells, respectively.

The conditions at the upstream and downstream
boundaries and the initial conditions are shown in
Figure 4. A volume flow rate was imposed at the inlet of
the mesh block upstream of the bend and a pressure at
the outlet of the mesh block downstream of the bend. A
wall condition was imposed at the flume walls and the
bed, and a symmetry condition at interfaces between
mesh blocks and the free surface of the fluid. In all sim-
ulations, the length of the straight reach upstream of the
bend was considered equal to 5 m so that the flow is
fully developed before entering the bend and its excess
turbulence is depleted.

The simulations were terminated when the discharge
stabilized to a constant level along the entire flume,
i.e. the discharges into and out of the flume were bal-
anced. The discharge stabilized along the flume within
170-190 s in different simulations. Accordingly, a fixed
runtime of 200 s was selected for all simulations.

Boundary layer mesh

The y* value determines the behaviour of the wall func-
tion for flow near the walls. This parameter should have
a value between around 30 and 300 when using the
standard formula for the wall function. Its definition
reads:

t= 22 %)

where u, is the shear velocity, y; is the distance from the
wall to the centre of the first cell, and v is the kinematic
viscosity of the fluid (Rodi, 2017). The size of the mesh
cells was chosen in such a way that the y™ value falls
within the above-mentioned range.

Research goals and scenarios

This study investigates the flow patterns and the bed
shear stress around a single BAV (for different submer-
gence levels) in a 90° mild bend. A single BAV was
installed at the 72° section of the bend at a 30° angle
with the upstream bank. The BAV length and height
were 21 and 13 cm, respectively, in all runs. The dis-
charge and flow depth were chosen in such a way that
the F; in all simulations was equal to 0.214. Table 1 lists
the specifications of the simulation runs.

Validation

The numerical model validation aimed to select the best
turbulence model to simulate the flow velocity and pat-
tern more accurately. LES, RNG and k-¢ turbulence
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Figure 2. Plan view of the mesh blocks.
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Figure 3. Mesh independence: (a) the 72° section, 30 cm from the outer bank, (b) the 76° section, 30 cm from the outer bank.

Figure 4. Computational domain and applied boundary conditions.
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Table 1. Simulation runs.

Test name o () Qls™ h (cm) Number of cells
With BAV 30 7.77 6.50 1,196,636
With BAV 30 22.00 13.00 1,365,210
With BAV 30 40.40 19.50 1,625,334
With BAV 30 62.20 26.00 1,923,286
Without BAV - 7.77 6.50 1,098,356
Without BAV - 22.00 13.00 1,289,610
Without BAV - 40.40 19.50 1,489,614
Without BAV - 62.20 26.00 1,738,786

Note: a = BAV angle with the upstream bank, Q = flow discharge,
h = flow depth.

models employed and evaluated in previous studies
were used to validate the numerical model.

Figure 5 compares the longitudinal velocity of the
experimental model, as explained in Section 2.1, with
those obtained from LES, RNG and k-¢ turbulence
models. Here 0 and 70 on the horizontal axis repre-
sent the inner and outer bend walls. Figure 5 reveals
similar results for all turbulence models that are also
qualitatively consistent with the experimental data. We
evaluated the turbulence models based on percent bias
(PBIAS):

2?21 Si — Z?:l O;
?:1 Oi

PBIAS = ( ) x 100 (8)

where n denotes the number of data points, O; is
the observed velocities, and S; is the simulated veloc-
ities from Flow3D. PBIAS shows the average ten-
dency of the simulated data to be lower or larger
than experimental results (Gupta et al., 2001; Shampa
et al., 2020). The acceptable PBIAS ranges from 0 to
25% (0 < PBIAS < 25%) (Bracmort et al., 2006; Santhi
et al., 2002; Shampa et al., 2020). PBIAS values of —11,
—11.8 and —11.9% were calculated for simulations of
the transverse profile of the longitudinal velocity at
the 72° section, 6 cm above the bed, using RNG, k-¢
and LES models, respectively. Differences between the
results of turbulence models and experimental data can
be attributed to the errors of measurement instruments
(flow and velocity meters), modelling errors, errors in
the VOF and fractional area-volume obstacle represen-
tation (FAVOR) methods, truncation errors, conver-
gence errors, round-off errors, mathematical modelling
errors, errors caused by turbulence models.

Figure 6 illustrates the flow patterns resulting from
experimental data and three turbulence models (RNG,
k-¢ and LES) at the 76° cross-section. Again 0 and 70
on the horizontal axis represent the inner and outer
bend walls. The experimental results in Figure 6a sug-
gest a vortex near the outer bank under the influence
of the BAV, which rotates opposite to the bend-induced
secondary flow (Bahrami-Yarahmadi et al., 2020b).
According to Figure 6, LES does not simulate structure-
and bend-induced vortices and their boundaries well
enough, whereas the results of RNG and k-¢ are closer
to the experiments.

35
30 A
25 A
=~ 20 A
w
g 15 A
~ 10 ——Exp
N i —=—RNG
5 A ——K-g
0 ——LES

0 10 20 30 40 50 60 70
Y (cm)

Figure 5. The transverse profile of longitudinal velocity at the
72° cross-section, 6 cm above the bed.

Based on the PBIAS scores of the three turbulence
models and Figure 6, we selected the RNG turbulence
model for the simulations.

3. Results and discussion
3.1. Flow pattern in simulations with BAV

Figure 7 depicts the flow pattern and longitudinal veloc-
ity contour at different cross-sections for the simula-
tion with h = 13 cm, where 0 on the horizontal axis
represents the inner bend wall, and 70 represents the
outer bend wall. A vortex is formed at the 70° cross-
section (on the right of the vane) near the outer bank,
rotating opposite to the bend-induced vortex. The vor-
tex results from the flow passing over the BAV, strikes
the flume bed, and prevents the bend-induced vortex
from reaching the outer bank. The vane-induced vor-
tex becomes larger at the 72° cross-section (where the
vane is installed) than the same vortex at the 70° section.
Further away from the vane and toward the end of
the bend, the vortex core moves away from the outer
bank while approaching the water surface. The core is
3 cm below the water surface at the end of the bend
(90° cross-section). The vane-induced vortex is larger
downstream of the bend than inside. For example, the
vane-induced vortex measures 14 and 22 cm (0.67L,
and 1.04L,) at the 74° section and 2 m downstream the
bend, respectively. Figure 7 shows the bend- and vane-
induced vortices to continue up to 4 m downstream of
the bend.

Another observation in Figure 7 is that the BAV at
the outer bend reduces the flow velocity near the outer
bank, albeit over a limited distance. The flow velocity
near the outer bank at the 90° section is higher than at
its upstream sections.

The scour and sedimentation pattern around flow-
altering structures is affected by the flow pattern around
these structures. Factors such as the structure’s shape,
length, orientation, height, position in the bend, and
hydraulic parameters (e.g. & and F,) influence the
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Figure 6. Flow pattern at the 76° cross-section according to the (a) Experimental model, (b) RNG model, (c) LES model, (d) k- model.
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Figure 7. Flow pattern and longitudinal velocity contour (cm s~) for the simulation with 1H flow depth at sections: (a) 70°, (b) 72°,
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(k) 3 m downstream the bend, (I) 4 m downstream the bend.
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surrounding flow patterns. Accordingly, flow patterns
emerging around BAVs differ from those around other
in-stream structures. Zhang et al. (2009) found a near-
bank vertical vortex with a horizontal axis upstream
of an emerged impermeable rectangular spur dike
(installed at 90° in a straight channel). In contrast, two
counter-rotating vortices formed downstream of the
spur dike near the bank. Zhang et al. also reported
a small, clockwise, horizontal vortex with a vertical
axis at the water surface upstream of the spur dike. A
large clockwise horizontal vortex with a vertical axis
also formed at the water surface downstream of the
spur dike. Bahrami-Yarahmadi et al. (2020a) observed
that a horizontal vortex was formed at the bed and
the water surface downstream of an emerged rect-
angular spur dike. Jia et al. (2005) showed that the
bend-induced secondary flow behind a submerged weir
(installed with an angle of 20° to the bend’s radius)
broke down into three rotating cells, one at the cen-
tre and one at each bank. The two cells near the banks
rotated in the same direction as the bend-induced sec-
ondary flow circulation cell, whereas the central cell
rotated in the opposite direction. The central cell down-
stream of the weir gradually disappeared as the other
two cells merged and restored the bend-induced sec-
ondary flow cell. Kang et al. (2020a, 2020b) found
similar secondary flows downstream of the rock vane, J-
hook vane, bendway weir, cross vane, and w-weir, with
a number of cells equal to the number of arms of the
structures.

Decreasing the flow depth (h = 0.5H) led to recir-
culation flow downstream of the BAV near the water
surface, where the longitudinal velocity was negative
(Figure 8). This recirculation flow was caused by flow
separation from the vane and continued up to the 76°
section (equivalent to a distance 1.046L, from the vane
position). Recirculation zones can lead to the deposi-
tion of suspended sediments downstream of the vane.
In addition, the recirculation zones are exposed to low
hydraulic stress and less harsh hydraulic conditions, so
they are valuable aquatic habitats for aquatic animals
(Garcia et al., 2012). As shown in Figure 8, longitudi-
nal velocities have their lowest value close to the bed
(72-76° bend sections) but are not negative. Negative
longitudinal velocities and recirculation flow do appear
at the 68 and 70° sections (and between the BAV and
the outer bank). In simulations with h/H = 1, 1.5 and
2, recirculation occurred neither upstream nor down-
stream of the BAV. Only an emerged BAV generates
recirculation.

Recirculation flow is also formed behind some in-
stream structures, but the dimensions depend in gen-
eral on the structure’s geometry and submergence.
Kuhnle et al. (2008) reported that the recirculation
length (or reattachment length) behind a vertically sub-
merged trapezoidal spur dike was 1.6 times the length
of the spur dike. Bahrami-Yarahmadi et al. (2020a)

reported that a flow with negative longitudinal velocity
exists downstream of vertical rectangular and triangu-
lar spur dikes in a straight flume up to a distance of 10.4
and 3 times the dike length, respectively. Kang et al.
(2020a) observed that the size of a recirculation zone
downstream of a bendway weir increased as the angle
of the bendway weir increased. At the rock vane and
J-hook vane, the recirculation zone was observed to
be very small. Kang et al. (2020b) reported two small
recirculation zones near the side walls downstream of a
w-weir structure and near the water surface but did not
observe these zones near the bed.

Figure 9 shows the flow pattern and longitudinal
velocity contours at the 72° section (as an example) in
different simulations, where 0 on the horizontal axis
represents the inner bend wall, and 70 represents the
outer bend wall. As the flow depth increases, flow veloc-
ity increases with increasing discharge at a constant
Froude number. Therefore, the flow velocity is the high-
est in the simulation with a flow depth of 2H. Moreover,
Figure 9 shows that the flow velocity decreases near the
outer bank following the installation of the BAV in all
simulations, but to different extents. The most notable
reduction in flow velocity near the outer bank corre-
sponds to the simulation with a flow depth of 0.5H. In
this simulation, the deceleration zone is about 10 cm
wide (equivalent to 0.476L, or 0.142B) at the 72° section
and extends from the flume bed to the water surface.
The deceleration zone becomes narrower with increas-
ing flow depth. Moreover, when the flow depth exceeds
the vane height (simulations with # = 1.5H and 2H),
the vane fails to reduce the velocity of the uppermost
layers of the stream (above 13 cm). In other words, lay-
ers above the 13-cm height are not affected by the vane.
Therefore, submerging the vane and increasing the flow
depth undermines the vane’s effectiveness in slowing
the flow down near the outer bank. The results showed
that in all simulations with the BAV, the flow velocity
near the outer bank further reduced at the 72° section
than at other sections, but the velocity reduction was
smaller at larger distances from the vane toward the end
of the bend.

Figure 9 shows a vane-induced counter-clockwise
vortex near the outer bank in all simulations, but its
core position, appearance, and extent of development
in the downstream direction differ in different sim-
ulations. With increasing flow depth, the core of the
vane-induced vortex maintains its position relative to
the outer bank but moves away from the water surface.
Moreover, the vortex shape changes and becomes wider
as the depth of flow increases. For example, in simula-
tions with h = 1H and 2H, the vortex measured 14 and
20 cm in width (equal to 0.67L, and 0.95 L,) at the 76°
section while measuring 22 and 40 cm (equal to 1.047L,
and 1.9L,) 2 m downstream the bend.

The downstream development of the vane-induced
vortex in the simulation with a 0.5H flow depth differed
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Figure 8. Flow pattern and longitudinal velocity contour (cm s~ 1) for the simulation with 0.5H flow depth at sections: (a) 70°, (b)

72°,(c) 74°, (d) 76°.
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Figure 9. Flow pattern and longitudinal velocity contour (cm s~ 1) at the 72° section for different flow depths: (a) 0.5H, (b) 1H, ()

1.5H, (d) 2H.

from the submerged cases. The vane-induced vortex
formed between the 70° and 74° sections (equivalent
to 1.046L,) but disappeared further downstream. In
simulations with h/H = 1, 1.5 and 2, the vane-induced
vortex formed at the 70° section and extended 4 m
downstream of the bend. As the straight reach down-
stream of the bend was only 4 m long, we do not know
how far the vortex would have extended downstream in
a longer reach.

According to Figure 9d, only in the simulation with
h = 2H, the vane-induced vortex had two cores. In this
simulation, the vane-induced vortex had only a single
core between the 85° section and 50 cm downstream
of the bend (Figure 10). According to Figure 10, three
vortices appear between 1 and 4 m downstream of the
bend in the simulation with the 2H flow depth. A clock-
wise vortex is caused by the bend, and the other two
(one clockwise and one counter-clockwise) were gener-
ated by the BAYV, close to the outer bank. The clockwise

vortex close to the bed and the toe of the outer bank
could scour the toe of the outer bank and transport sed-
iment away from the outer bank to the centre of the
waterway.

3.2. Bed shear stress

We calculated bed shear stress along the bend following
Molls and Chaudhry (1995):

p — — —
T = C—‘ZgVa\/ Vi 4 V2 ©9)

p — — —
v =259, /V3+ 72 (10)
rbz,/r§9+1lfr (11)

where 7, denotes the bed shear stress, 79 and 73,
are bed shear stresses in the longitudinal and radial
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Figure 10. Flow pattern and longitudinal velocity contour (cm s~') for the simulation with a flow depth of 2H at sections: (a) 70°,
(b) 72°, () 76°, (d) 80°, (e) 85°, (f) 0.5 m downstream the bend, (g) T m downstream the bend, (h) 2 m downstream the bend, (i) 3 m

downstream the bend, (j) 4 m downstream the bend.

directions, V and V, are the depth-averaged longitu-
dinal and radial velocities, p denotes the fluid density
(p = 1000 kgm™3), g is the gravitational acceleration
(g = 9.81 ms™2), and ¢ denotes the Chézy coefficient.

1 1

c=-R} (12)
n

where #n is Manning’s roughness coefficient, and Ry

denotes the hydraulic radius.

From a hydraulics point of view, bed shear stresses
larger than the incipient motion threshold cause ero-
sion at the outer bank of the river bend. Accordingly, the
performance of flow-altering structures in controlling
erosion at the outer banks of bends must be evaluated in
terms of the resulting bed shear stress reduction close to
the outer bank and the maximum shear stress deviation
toward the centre of the flume.

Figure 11 depicts the distribution of bed shear stress
along the channel width at different sections in the

simulation with a flow depth of 1H, where 0 on the hor-
izontal axis represents the inner bend wall, and 70 rep-
resents the outer bend wall. As shown, in simulations
without BAV, the maximum bed shear stress moves
closer to the outer bank toward the end of the bend,
naturally causing erosion in that area. Establishing the
vane at the outer bend reduced bed shear stress on the
outer bank and moved the maximum bed shear stress
away from the bank toward the centre of the flume. This
function of the BAV can protect the outer bank from
erosion. The most notable shear stress reduction was
observed between the 72° and 80° sections. The BAV
was less effective in reducing the bed shear stress down-
stream the 80° section than upstream. The effect of the
vane decreased further away from its position.

Figure 12 shows the transverse distribution of bed
shear stress at the 74° section (as an example) in differ-
ent simulations. Installing the BAV in the outer bend
reduced the bed shear stress in that area. However, the
extent of reduction varied in different simulations. In
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Figure 11. Transverse distribution of bed shear stress for the simulation with a 1H flow depth at different sections: (a) 72°, (b) 74°,

(c) 80°, (d) 90°, (e) 2 m downstream the bend.

the case of the simulation with a 0.5H flow depth, the
BAV managed to suppress nearly 100% of the bed shear
stress at the outer bank, bringing it virtually down to
zero. Increasing the flow depth undermined the BAV’s
effects on the bed shear stress reduction. According to
the results, the reduction of bed shear stress at the 74°
section reached a maximum of 73, 68 and 60% in the
simulations with & = 1H, 1.5H, and 2H, respectively.
Moreover, Figure 12 shows that the bed shear stress
increased in simulations without the BAV due to the
constant Froude number but higher flow velocity.
Table 2 presents the details of bed shear stress reduc-
tion (average and maximum reduction) near the outer
bank in different simulations with the BAV. The effects
of the BAV on the bed shear stress reduction were found
to extend to sections upstream of the vane and down-
stream of the bend. In the simulation with the 0.5H
flow depth, the bed shear stress decreased less than
10% upstream of the 65° section. In simulations with
h = 1H, 1.5H and 2H, the bed shear stress decreased
less than 10% upstream of the 68° section. Upstream of
the BAV, the maximum reduction of bed shear stress in
simulationswith & = 0.5H, 1H, 1.5H and 2H was found

to be 100, 75, 54 and 43%, respectively, which occurred
at the 70° section.

Table 2 also shows that the BAV was more effec-
tive in reducing the bed shear stress downstream of the
vane than upstream. Moreover, the BAV reduced the
bed shear stress more effectively in simulations with
h = 0.5H and 1H than in those with h = 1.5H and 2H.
An increased flow depth undermines the BAV’s effec-
tiveness in reducing the bed shear stress around the
outer bank and, consequently, its capacity to protect the
outer bank against erosion.

The bed shear stress was reduced most at the 72°
section, where the vane was positioned. Here the bed
shear stress reduction reached a maximum of 100, 93,
80 and 73% in the simulations with h = 0.5H, 1H,
1.5H and 2H, respectively. Studying a single, 30-cm
long BAV with the same height as the flow depth
(13 cm), Bahrami-Yarahmadi et al. (2020b) reported
bed shear stress reduction near the outer bank upstream
of the structure to reach a maximum of 67% at the 70°
section. They also reported that the maximum reduc-
tion of bed shear stress at the 72° section is equal
to 80%.
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Figure 12. Transverse distribution of bed shear stress at the 74° section for different flow depths: (a) 0.5H, (b) 1H, (c) 1.5H, (d) 2H.

Table 2. Bed shear stress reduction close to the outer bank for simulations with the BAV.

h=65cm h=13cm h=19.5cm h =26cm

Cross Average Maximum Average Maximum Average Maximum Average Maximum
sections (°) reduction (%)  reduction (%)  reduction (%)  reduction (%)  reduction (%) reduction (%) reduction (%)  reduction (%)
60 4 8 3 4 2 3 1 2

65 13 23 4 10 3 5 2 4

68 38 74 12 31 8 22 8 18

70 75 100 45 75 29 54 26 43

72 79 100 54 93 44 80 37 73

74 68 100 51 73 36 68 31 60

80 52 93 27 43 26 43 24 43

90 32 57 19 29 15 24 14 27
90°+1m 23 46 18 25 10 16 8 14
90°+2m 15 37 17 24 8 12 4 10

Figure 13 shows the position of the maximum bed
shear stress along the bend in different simulations. In
simulations without a BAV, the maximum bed shear
stress occurs close to the inner bank at the beginning
of the bend, gradually moving toward the centre of the
flume further into the bend and eventually toward the
outer bank close to the end of the bend. The maximum
bed shear stress occurs near the outer bank down-
stream of the bend. This relocation of the maximum
causes erosion at the outer bank of the bend. Accord-
ingly, flow-altering structures used to control erosion
on the outer banks of bends must be able to reduce
bed shear stress at the outer bank and deviate the max-
imum bed shear stress from the outer bank toward the
centre of the waterway. As shown in Figure 13, the
BAV successfully pushed the maximum bed shear stress
away from the outer bank in all cases. The BAV per-
formed notably better in simulations with 4 = 1H and
1.5H, whereas the poorest performance was observed
in the simulation with h = 2H where the BAV failed
to move the maximum bed shear stress further away
from the outer bank (as much as other simulations).

It did reduce the bed shear stress close to the outer
bank, albeit to a lesser extent than in other simula-
tions (Table 2). In the simulation with a 1H flow depth,
the maximum bed shear stress at the 80° section, 85°
section, 90° section, 1 m downstream the bend, and
2m downstream the bend occurred at points where
y/B = 0.292,0.257,0.207,0.15 and 0.15, respectively (y:
distance from the outer bank, B: flume width) without
the vane and at points where y/B = 0.314, 0.314, 0.314,
0.32 and 0.362, respectively, with the vane.

Other in-stream structures also move high-shear
stress zones away from the outer bank, but their impact
depends on their geometry, angle, number and posi-
tion within the bend. Khosronejad, Diplas et al. (2016),
Khosronejad, Kozarek, Diplas et al. (2018) found that
the installation of a rock vane or a 50° bendway weir
at the apex of the river bend deflected the high-shear
stress zone from the outer bank. However, a structure
was not enough to protect the entire outer bank.

Scour at the nose of flow-altering structures and
the development of the scour hole in width and depth
destroy these structures. The key factor in scouring the
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Figure 13. The position of the maximum bed shear stress along the bend in simulations with different flow depths: (a) 0.5H, (b) 1H,

(c) 1.5H, (d) 2H.

noses of flow-altering structures in laboratory experi-
ments is that the bed shear stress exceeds the critical
shear stress for sediment motion (clear-water scour),
but this is not necessarily the case in rivers (live-
bed scour). It was demonstrated that the bed shear
stress reaches 0.25, 0.45, 0.6 and 0.76 N m~2 (equal to
1.67, 145, 1.3 and 1.24 times the average bed shear
stress upstream of the bend) around the BAV nose in

simulations with & = 0.5H, 1H, 1.5H and 2H, respec-
tively. Increasing the flow depth (through a constant
Froude number and increased flow velocity) increased
bed shear stress at the structure’s nose, making scour
more likely to occur in this area. Kang et al. (2020a)
reported a high-bed-shear-stress zone formed down-
stream of the tip of the rock vane and several high-
bed-shear-stress zones were formed downstream of the
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boulders at the tip of the J-hook vane. Moreover, high
shear stress zones were observed downstream of the 60°
and 80° bendway weirs, but their distance from the side
wall was greater compared to the rock vane and J-hook
vane. The bed shear stress distribution was completely
similar to the rock vane downstream of the cross vane
and w-weir structures. In these two structures, high-
shear stress zones were observed downstream of the
arms.

4. Conclusions

The novel BAV is designed at bankfull discharge (the
BAV’s height is equal to flow depth) and attached to
the bank at a slight angle to the upstream bank. The
BAV keeps the main flow away from the bank: gener-
ating a vortex that counteracts with river bend-induced
vortex which results in the reduction of the banks’ toe
scour. Since the performance of the BAV for higher
and lower flow depth is uncertain, we validated the
numerical model of Flow3D to study the flow pattern
and bed shear stress around a single BAV in a 90°
mild bend under submerged (three submergence levels)
and emerged conditions. Simulations were executed for
configurations with and without a BAV and flow depths
of 0.5, 1, 1.5 and 2 times the BAV height. The final
results demonstrated that:

I. The BAV created a vortex near the outer bank,
rotating opposite to the bend-induced vortex in
both submerged and emerged conditions.

II. Increasing the flow depth altered the shape of the
vane-induced vortex. Unlike in other simula-
tions, the vane-induced vortex had two cores in
the simulation with a 2H flow depth and trans-
formed into two opposing vortices downstream
of the bend.

III. A deeper flow expanded the width of the vane-
induced vortex. For example, in simulations
with h = 1H and 2H, the vortex width was
0.67L, and 0.95L, at the 76° section.

IV. Inall simulations, a vane-induced vortex formed
at the 70° section, but the extent of its down-
stream development differed in the simulation
with a 0.5H flow depth. The vortex extended up
to the 74° section (equal to 1.046L,) in the simu-
lation with a 0.5H flow depth, despite continuing
up to 4 m downstream the bend for flow depths
of 1H, 1.5H and 2H.

V. A recirculation flow with a length of 1.046L,
developed behind the BAV in the emerged
condition. Similar flow conditions were not
observed in the submerged vane.

VI. The BAV reduced the flow velocity close to the
outer bank, but the extent of this reduction
depended on the flow depth. The smallest and
largest reduction corresponded to 2H and 0.5H

flow depths, respectively. In simulations where
the flow depth exceeded the vane height (1.5H
and 2H), the BAV failed to slow down the fluid
in layers above the 13-cm height.
VII. TheBAYV gradually reduced bed shear stress near
the outer bank upstream and downstream of
the vane. The bed shear stress was reduced the
most at the vane position (the 72° section). Bed
shear stress reduction decreased further away
from the vane. Changing the flow depth affected
the vane’s performance in reducing shear stress,
as bed shear stress was reduced more in cases
where the flow depth was 0.5H and 1H than in
those where it was 1.5H or 2H.
The BAV successfully pushed the maximum bed
shear stress away from the outer bank under
submerged and emerged conditions. The vane
performed better in simulations with h = 1H
and 1.5H, whereas the worst performance was
observed in the simulation with a 2H depth of
flow.

VIIIL.

Based on these results, we conclude that the BAV
must be higher than or as high as the flow depth for
bankfull discharge to control bank erosion on bends.
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Notation

Ay Ay AL fractional area of flow in the x,y,z
directions (m?)

B flume width (m)

c Chézy coeflicient (m%s_l)

dis grain size for which 16% of sampled
particles are finer (m)

dsg median diameter of sediment particles
(m)

dsa grain sizes for which 84% of sampled
particles are finer (m)

F, Froude number (-)

accelerations caused by viscosity in the
x, y, z directions (m s~2)

g gravitational acceleration (m s~2)

G body accelerations (m s~2)

h flow depth (m)

H height of the bank-attached vane (m)

k turbulence kinetic energy (m2s72)

L effective length of the bank-attached
vane (m)

L, length of the bank-attached vane (m)



n Manning’s roughness coefficient (-)

O; observed velocities (m s™1)

R average bend radius (m)

Re Reynolds number (-)

Ry, hydraulic radius (m)

Rsor mass source (kg m™3)

S; simulated velocities from Flow3D
(ms™!)

T time (s)

U; velocities in the x, y, z directions
(ms™!)

Uy shear velocity (m s7h)

Vs fractional volume of flow (m?)

V, depth-averaged radial velocity (m s7h

Vo depth-averaged longitudinal velocity
(ms™!)

Y distance from the outer bank (m)

Vs distance from the wall to the centre of

the first cell (m)

yt dimensionless wall distance (-)

a angle of bank-attached vane with the
upstream bank (°)

e turbulence dissipation rate (m? s=3)
molecular viscosity (N s m™2)

Uy turbulent viscosity (N s m™2)

v kinematic viscosity of the fluid (m2s71)
mass density of the fluid (kg m~3)

og geometric standard deviation (-)

T3 bed shear stress (N m™2)

) bed shear stress in the longitudinal
direction (N m~2)

Tor bed shear stress in the radial direction
(Nm™?)
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