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Insight is provided in hydrodynamic processes governing the velocity redistribution in sharp river bends
based on simulations of three recent experiments by means of Blanckaert and de Vriend's (2003, 2010)
reduced-order nonlinear model without curvature restrictions. This model successfully simulated the flow
redistribution and the secondary flow in all three experiments. The results indicate that the flow
redistribution is primarily governed by topographic steering, curvature variations and secondary flow, in a
broad range of different configurations, including mildly to sharply curved bends, narrow to shallow bends,
smooth to rough bends, bends with additional complexities such as horizontal recirculation zones or patches
of riverbed vegetation. The relative importance of these three dominant processes is case dependent, and
controlled by the parameters Cf−1H/B, R/B and streamwise curvature variations. The first parameter
characterizes a river reach, whereas the second and third parameters are characteristics of individual bends.
Major differences exist between the hydrodynamic processes in mildly and sharply curved bends. First,
velocity redistribution induced by curvature variations is negligible in mildly curved bends, but the dominant
process in sharp bends. This result is relevant, because most meander models are based on the assumption of
weak-curvature variations. Second, nonlinear hydrodynamic interactions play a dominant role in sharp bends,
where mild-curvature models overpredict the secondary flow and in some cases even falsely identify it as the
dominant process governing the velocity redistribution, which leads to unsatisfactory flow predictions. The
reduction in secondary flow strength provoked by the nonlinear hydrodynamic interactions is accompanied
by a reduction in the transverse bed slope, which reduces the effect of topographic steering.
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1. Introduction

The winding of single-thread rivers in their alluvial plane, known as
meandering, has interested many scientists since the Renaissance (da
Vinci, 1503–1508; Boussinesq, 1868; Fargue, 1868; Thomson, 1876;
etc.) from various disciplines: meanders are studied by fluid dynami-
cists, morphologists, ecologists, geomorphologists, and petroleum
engineers (see Camporeale et al., 2007, and the references therein).
The recent attention for renaturalization projects has lead decision
makers to consider the partial remeandering of previously trained
rivers. Factors such as navigation and man-made infrastructure along
the river set limits for themaximummigration of such rivers. Therefore,
models that can predict the evolutionofmeandering rivers are required.

Mathematical models that are used to study meandering rivers
generally consist of three interconnected components: i) a hydrody-
namic component, ii) a channel bed morphology component and iii) a
channel bank migration component. The hydrodynamic component
describes the flow field and provides the shear stresses near the bed,
which are the driving force behind the morphology component, which
describes the adaptation of the riverbed, ultimately resulting in a
sequence of alternating stable and migrating bars. Similarly the shear
stresses near the bank are important for predicting the migration of the
banks, which generally happens over longer time scales than the bed
adaptation. The adaptation of the bed and the banks in turn influence
theflowfield and in thismanner the system is interconnected. The focus
of this paper will be on the hydrodynamic component.

Recently, Rüther and Olsen (2007) showed the feasibility of a three-
dimensional (3D) meander model by simulation of the 72-hour-lasting
experiment of Friedkin (1945). The flow in their meander model was
solved using Reynolds averaged Navier–Stokes equations with a k–ε
turbulence closure (Rodi, 1980), producing a detailed description of the
flow. Their detailed hydrodynamicmodel provided all the shear stresses,
which could be fed into the bed and bank adaptation components.
Typical lengths ofmeandering rivers aremuch larger than the 40 m long
tilting flume in Friedkin's (1945) experiment. Moreover, the time that is
necessary for meandering rivers to migrate over the distance of a
channel width is of the order of years instead of 72 h as in Friedkin's
experiment. Therefore, it is expected that performing a simulation of a
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real river is not feasible using a detailed 3D hydrodynamic model as it
would be computationally too expensive. Reduced-order hydrodynamic
models, which are typically one-dimensional (1D) or two-dimensional
(2D)models are computationally faster andhave the advantage of being
more insightful by clearly revealing the processes governing the flow
redistribution. But they provide a less detailed description of the flow
field and require a parameterization of 3D floweffects, which are known
to play an important role in natural river bends.

An example of such a parameterization is the secondary flow
(schematically indicated in Fig. 1), which is defined as the motion
perpendicular to the streamwise flow. This secondary flow is related to
the river planform and can primarily be expressed as a convolution
function of the channel curvature. This secondary flow has two
important effects on theflow redistribution. First, it induces a transverse
component of the bed shear stress, which conditions the development
of a transverse bed slope with increasing flow depth in outward
direction (Olesen, 1987; Camporeale et al., 2007). This transverse bed
slope scales with the inverse of the radius of curvature (Ikeda et al.,
1981; Odgaard, 1981). According to Chézy's law, the depth-averaged
velocity scales with the square of the flow depth, implying that
higher/lower velocities will be attracted to the deeper/shallower parts
of the cross section. This process is often called topographic steering
(Dietrich and Smith, 1983; Blanckaert, 2010). Second, the secondary
flow redistributes momentum, causing velocities to increase in
outwards direction. The accompanying higher/lower sediment trans-
port over the deeper/shallowerparts strengthen thedevelopmentof the
transverse bed slope and lead to a positive feedback between the flow
field and the transverse bed slope.

The secondary flowwasfirst parametrized by van Bendegom (1947)
and Rozovskii (1957), followed by many others (e.g. Engelund, 1974;
Ikeda, 1975; de Vriend, 1977; Johannesson and Parker, 1989a). These
models are invariantly based on mild-curvature assumptions, implying
that R/B and R/H are sufficiently large and that the curvature radius
varies slowly in streamwisedirection.HereR is the radiusof curvature at
the centerline, B is the width and H is the width-averaged flow depth
(Fig. 1). In that case the interaction between the streamwise flow and
the secondary flow is negligible, resulting in a secondary flow strength
that is linearly proportional to the ratio H/R and only a function of the
roughness. It has been shown that mild-curvature secondary flow
parameterizations considerably overestimate the secondary flow in
n
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moderately and sharply curved bends, because they neglect the
nonlinear interactions between the streamwise flow and the secondary
flow (de Vriend, 1981; Yeh and Kennedy, 1993; Blanckaert and de
Vriend, 2003). Blanckaert (2009) has shown that the secondary flow
does not increase when the curvature is increased in very sharp bends,
and he called this process the saturation of the secondary flow.

Blanckaert and de Vriend (2003, 2010) developed and validated a
nonlinear reduced-order hydrodynamic model that accounts for these
nonlinear interactions and successfully simulates the saturation of the
secondary flow. In its mild-curvature formulation, their model reduces
to Johannesson and Parker's (1989b) linear model. Therefore, Blanck-
aert and de Vriend's model extends the parameterization of the
secondary flow to sharply curved bends. Moreover, their model is
neither restricted to mild curvatures nor to slow variations of the
curvature in streamwise direction. Blanckaert and de Vriend (2010)
predicted by means of a scaling analysis that these streamwise
variations in curvature are a dominant driving force of the velocity
redistribution in sharply curved bends. Blanckaert (2011) predicted by
meansof ananalytical analysis for the case of axi-symmetric curvedflow
(infinite length bend, also referred to as fully-developed flow) that
nonlinear hydrodynamic interactions are important in sharp open-
channel bends.

Knowledge on the processes in sharply-curved bends is of practical
relevance. Outer-banks in sharply-curved bends are particularly
vulnerable to bank erosion. Moreover, cut-off events, which are an
essential process in the long-term and large-scale meander dynamics,
typically occur in sharply-curved bends. The aim of this paper is to
extend foregoing investigations by enhancing the insight into the
processes governing the velocity redistribution in sharply-curved
open-channel bends, by addressing the following questions:

1. What are the dominant processes with respect to the velocity
redistribution in sharply-curved open channels, and do they differ
from the dominant processes in mildly-curved bends? Special
attention is paid to the role of the streamwise variations in
curvature. Sharp bends are typically relatively short and charac-
terized by pronounced streamwise curvature variations. Linear
models, which are based on the assumption of weak variations in
curvature, are inherently unable to estimate the relevance of these
variations.
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2. How important are nonlinear hydrodynamic interactions, and
especially the saturation of the secondary flow, with respect to the
velocity redistribution in sharp open-channel bends?

3. Is the velocity redistribution in sharply-curved laboratory flumes
governed by the same processes as in sharp natural river bends
characterized by additional processes such as horizontal recircula-
tion zones or patches of vegetation?

These questions will be addressed by means of simulations per-
formed with Blanckaert and de Vriend's (2003, 2010) model. This
model will be briefly reported in Section 2; reference is made to
Blanckaert and de Vriend (2003, 2010) for a more detailed and
complete description. The questions will be addressed by investigat-
ing three configurations of sharply-curved open-channel bends with
different characteristics. The first case concerns a sharply-curved
narrow laboratory flume with rectangular cross-section and smooth
boundaries. The second case concerns an even narrower sharp natural
bend characterized by the near absence of secondary flow and a
nearly flat bed topography. The third case concerns a sharp natural
bend with gradually varying width, horizontal recirculation zones and
patches of vegetation. These three cases are presented in Section 3.
Section 4 focuses on the research questions.

2. Reduced-order nonlinear hydrodynamic model

Fig. 1 schematically defines the variables: ΔH and ΔU are the height
and velocity excess at the outer bankw.r.t. their width-averaged values
H and U, respectively. The streamwise, transverse and vertical co-
ordinates are given by s, n and z respectively. The three dimensional
velocity is denoted by vj, where the subscript j refers to the component
in the direction of the respective coordinate s, n, or z. In a similarway,Uj

is the depth averaged flow in s or n direction. The water and bed levels
are givenby zs and zb, respectively. The centerline radius of curvatureR is
positive (negative) for right (left) turning bends. Blanckaert and de
Vriend's (2003) nonlinear hydrodynamicmodel is based on a reduction
of the three-dimensional flow equations by means of profile functions
with one degree of freedom for the transverse distributions of the
depth-averaged streamwise velocity Us and the local depth h:

Us ≈U 1 +
n
R

� �αs ≈
f irst−order approximation

Us ≈U 1 +
αs

R
n

� �
: ð1Þ

h = zs−zb ≈H 1 +
n
R

� �ðFr2 + AÞ
≈

f irst−order approximation
h≈H 1 +

Fr2 + A
R

n

 !
:

ð2Þ

The degree of freedom in Eq. (1) is represented by the dimensionless
number αs. Values of αs=−1 and αs=1 correspond to potential and
forcedvortexdistributions, respectively (cf. Vardy, 1990; Blanckaert and
deVriend, 2003, Fig. 7). The squareof thedimensionless Froudenumber,
Fr2, parameterizes the transverse inclination of thewater surface (often
called superelevation). The so-called scour factor A (Engelund, 1974;
Zimmermann and Kennedy, 1978; Odgaard, 1981) parameterizes the
transverse bed level gradient and is typically between 2.5 and 6 in
natural open-channel bends (Ikeda et al., 1981; Odgaard, 1981).
Obviously the adoption of transverse profile functions will only allow
describing processes that occur on a length scale that is larger than the
channel width. But the adoption of such simplified transverse
distributions does not preclude the model to account for nonlinear
processes.

Using the above parameterizations, Blanckaert and de Vriend's
(2003, 2010) reduced-order nonlinear model describes the velocity
redistribution in open-channel bends by means of the following
nonlinear relaxation equation in αs/R:

λαs=R
∂
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+
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R
= Fαs=R ð3Þ

where the factor λαs/R is the flow adaptation length, and the system is
subject to the forcing term Fαs/R. The adaptation length λαs/R is defined
as:
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1
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where Cf parameterizes the straight channel roughness, and the
parameter ψ (provided by Blanckaert and de Vriend, 2003, 2010;
Blanckaert, 2009), parameterizes additional curvature-induced fric-
tion losses. The variable m is a binary integer, which is set to 1 in the
nonlinear model and to 0 in the mild-curvature formulation of the
model. The forcing Fαs/R is described as:

Fαs=R =
1
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It clearly displays the processes governing the velocity redistribu-
tion. Its first line (I) in Eq. (5) relates to the transverse gradient of the
water depth (cf. Eq. (2)) i.e. the effect of topographic steering (Nelson,
1990; Blanckaert, 2010). The second line (II) is related to streamwise
changes in channel curvature. This term will be shown to be of
predominant importance in sharply-curved bends andmerits therefore
some further explanation. The transverse tilting of the water surface
(also called superelevation) is in first approximation given by
∂zs/∂n≈Fr2H/R. Streamwise changes in ∂R−1/∂s will thus lead to
streamwise variations in the transverse tilting of the water surface that
are accompanied by variations in the streamwise water surface
gradient. An increase in curvature, for example, ∂R−1/∂sN0, will lead
to an increase in the transverse tilting of the water surface. As a result,
the streamwise water surface gradient will decrease/increase in the
outer/inner part of the cross-section, leading to flow deceleration/
acceleration and flow redistribution. The third line (III) relates to the
redistribution of the streamwise velocity by the secondary flow and the
final line (IV) relates to streamwise changes in the transverse bed and
water surface gradients. The brackets 〈〉 represent depth-averaged values.

The velocity redistribution by the secondary flow, represented by
〈vsvn〉/U2 is obtained from the following equation:

λ
∂
∂s

〈vsvn〉
U2

� �
+

〈vsvn〉
U2 =

〈vsvn〉∞
U2 ð6Þ

where λ is the adaptation length defined in Johannesson and Parker
(1989a) (cf. Blanckaert and de Vriend, 2010). The expression on the
right hand side of Eq. (6) denotes the value obtained for axi-symmetric
flow and is computed as follows:

〈vsvn〉∞
U2 =

〈vsvn〉∞
〈vsvn〉0

〈vsvn〉0
U2 =

Figure 2
f ct βð Þ 〈vsvn〉0

U2 : ð7Þ

The index 0 indicates linear-model solutions, which grow linearly
with the ratio H/R and uniquely depend on the friction factor Cf (e.g.
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van Bendegom, 1947; Rozovskii, 1957; Engelund, 1974; Ikeda, 1975;
de Vriend, 1977; Johannesson and Parker, 1989a). The nonlinear
hydrodynamic interactions between the secondary flow and the
streamwise flow are parameterized by means of the correction factor
〈vsvn〉∞/〈vsvn〉0= fct(β), which uniquely depends on the so-called
bend parameter (Blanckaert and de Vriend, 2003):

β = C0:275
f

H
R

� �0:5
αs + 1ð Þ0:25 ð8Þ

Fig. 2 provides the graphical solution of the correction factor fct(β),
which is obtained by the model of Blanckaert and de Vriend (2003).

Inclusion of the correction factor fct(β) makes the variables αs/R
and 〈vsvn〉/U2 mutually dependent according to Eqs. (3), (5), (7) and
(8), indicating the nonlinearity of the hydrodynamics. A mild-
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averaged flow depth H.
curvature formulation is obtained by setting m=0 (Eqs. (4) and
(5)), setting fct(β)=1 (Eqs. (6) and (7)), and neglecting additional
curvature-induced friction losses (ψ=1). This mild-curvature formu-
lation is identical to the linear model of Johannesson and Parker
(1989b). Comparison of Blanckaert and de Vriend's model without
curvature restrictions to the model of Johannesson and Parker
(1989b) therefore reveals the influence and relevance of nonlinear
hydrodynamic effects. Extensions and improvements of Johannesson
and Parker's model have been proposed by e.g. Imran et al. (1999),
Zolezzi and Seminara (2001) and Bolla Pittaluga et al. (2009).
Comparison to these models would lead to similar results, however,
because they are all based on the assumptions of mild curvature and
weak curvature variations (a comparison between these models is
reported in Blanckaert and de Vriend, 2010).

3. Investigated sharp open channel bends

3.1. Kinoshita flume

The first investigated case is the laboratory experiment carried out
and reported by Abad and Garcia (2009) (Fig. 3 and Table 1). Their
flume consists of seven consecutive bends of alternating direction,
which centerline curvature is described by the so-called ”Kinoshita
curve” (cf. Parker et al. (1983)):

1
R

= −2π
λ

θ0 cos
2π
λ

s
� �

−3θ20 Jssin 3
2π
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+ Jf cos 3
2π
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The terms between square brackets cause an asymmetrical form of
the curve, whereas the first term in the right-hand-side represents the
family of symmetric sine-generated curves defined by Leopold and
Wolman (1960). These curves are a kind of averaged idealized
representation of the planform of natural meandering rivers. Abad
and Garcia (2009) adopted a maximum angular amplitude of
θ0=110∘, which is characteristic of sharp bends close to cut-off, an
arc wavelength of λ=10 m, as well as values of the skewness and
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Table 1
Hydraulic and geometric properties of the measured bends. H is the bend averaged water depth, Q is the flow discharge, Cf is the dimensionless friction factor, B is the bend averaged
channel width, |R|ap is the radius of curvature at the bend apex, |R|ap/Bap is the radius to width ratio at the bend apex, |R|ap/Hap is the radius to depth ratio at the bend apex, |R|/B, |R|/H,
Cf
−1H/B and Cf

−1H/|R| bend averaged scaling parameters and β is the bend averaged bend parameter (Eq. (8)).

Case H[m] Q[m3s−1] Cf B[m] |R|ap[m] |R|ap/Bap |Rap|/Hap |R|/B |R|/H Cf
−1H/B Cf

−1H/|R| β

Kinoshita flume 0.143 0.025 0.0048 0.6 0.72 1.2 5 2.4 10 50 21 1.0
Polblue Creek 0.65 0.3 0.005 1.5 1.6 1.05 2.4 3 7 87 29 1.56
Tollense River 1.5 1.48 0.03 19.1 16.4 0.7 9.2 1.42 17.3 2.6 2 0.53
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flatness of Js=1/132 and Jf=1/192, respectively. The flume had a
rectangular cross section with a constant width of B=0.6 m and
smooth boundaries parameterized by a friction factor of Cf=0.0048.
The average flow depth in the experiment was 0.143 m. The smooth
boundaries, flat bed, narrow cross-section (B/H≈ 4), low values of the
ratios Rap/Bap=1.2, and Rap/Hap=5 (Rap is the centerline radius of
curvature in the bend apex), indicate that this is a very sharply curved
bend. Although such bend characteristics will rarely be encountered
in nature (Blanckaert, 2011, Table 2 and its discussion), this case is an
appropriate test case for the objectives of the present paper.

Fig. 3 shows the velocity distribution measured in the flume. Due
to the change in direction between successive bends, the velocity
distribution at the bend entrance is inwards skewed (velocities
decrease from the inner bank towards the outer bank). This inwards
skewed velocity distribution gets more pronounced in the region of
strong curvature increase between the bend entrance and the bend
apex. Downstream of the apex, outwards velocity redistribution is
discernable, which results in an outwards skewed velocity distribu-
tion at the bend exit. Fig. 3 also shows the transverse profile functions
with one degree of freedom that have been fitted to the experimental
data according to Eq. (1). These profiles satisfactorily represent the
global features of the velocity redistribution through the bend.

This experiment was simulated by means of the nonlinear hydro-
dynamicmodel aswell as itsmild-curvature formulation (Section 2). At
the inflow of the flume, a uniform velocity distribution (αs=0) was
imposedwithout secondary flow. Futhermore a constant discharge was
imposed upstream (see Table 1). Themeasured flow depth at the end of
the flume was imposed as boundary condition at the flume exit. The
streamwise water level is part of themodel solution (see Fig. 3(b)). The
difference between the linear and non-linear model solutions can be
explained by the additional curvature induced friction losses parame-
trized by ψ (see Eqs. (4) and (5)).

3.2. Polblue Creek Bend 3

The second investigated case is the sharply curved bend number 3
in the Polblue Creek, Barrington Tops National Park, New SouthWales,
Australia (31∘57′20.33″S, 151∘24′42.90″E), which was investigated by
Nanson (2010). A schematic overview of the bend is given in Fig. 4(a).
Nanson (2010) performed flow measurements in the seven cross-
sections crs1 to crs7 shown in Fig. 4. The radius of curvature and the
width of the bend have been estimated by digitizing the coordinates
of the centerline and the banklines. The curvature radius, for example,
is obtained from the mathematical definition of curvature (e.g.
Legleiter and Kyriakidis, 2006) as:

1
R sð Þ =

x sð Þ′y sð Þ″−x sð Þ″y sð Þ′
x sð Þ′2 + y sð Þ′2
 �3=2 ð10Þ

where s is the intrinsic coordinate along the centerline, and (x,y) are the
coordinates of the centerline in an arbitrary Cartesian reference system.
The centerline radius of curvature at the apex was found to be about
Rap=1.6m,which is only slightlymore than the averagewidth of about
B=1.5 m. The width varied slightly through the bend (Fig. 4(e)). The
average flow depth in the bend was about 0.65 m. The measured flow
depth in cross-section crs6 was substantially lower (Fig. 4(d)), which is
mainly due to thepresence of a riffle in that cross-secton (Nanson, 2010)
and a slightly increased width (Fig. 4(c)). This riffle could be due to the
presence of a stable surface layer (e.g. a non-erodible layer). Fig. 4(b)
illustrates the morphology of this narrow and deep peatland channel.
The banks are quasi-vertical due to root reinforcement. From literature
we find the following friction factor for bend 3 in the Polblue Creek,
namely Cf=0.02 (Nanson, 2010) and Cf=0.005 (Nanson et al., 2010,
Table 1: measurement P6 just downstream of bend 3). Nanson (2010)
only assumes this value while in Nanson et al. (2010) the friction factor
is analyzed inmore detail along the Polblue Creek. Therefore,we believe
that Cf=0.005 given in Nanson et al. (2010) characterizes the friction
factor in the Polblue Creek. Most notable are the absence of a point bar
and the quasi-horizontal bed, which cannot solely be explained by the
limited sediment supply, but must be related to the hydrodynamic
forcing. Fig. 4(b) also shows the transverse profile functions with one
degree of freedom that have been fitted to the measured bed topog-
raphy according to Eq. (2), whereas Fig. 4(c) shows the corresponding
evolution through thebendof the scour factorA/R. Asmentionedbefore,
these profiles are not intended to represent the local morphological
features, but only the features occurring on a spatial scale larger than the
channel width. The ratios Rap/Bap=1.05 and Rap/Hap=2.4 and the very
narrow cross-sections indicate that this is a very sharply curved bend. In
spite of this very sharp curvature, Nanson's (2010) measurements
revealed that therewashardly any secondaryflow throughout thebend,
which complements the observation of the quasi-horizontal bed
topography. Fig. 4(a) shows the velocity distribution measured by
Nanson (2010). The velocity is about uniformover thewidth at the bend
entrance. Similar to the velocity redistribution in the Kinoshita flume,
the velocity skews inwards between the bend entrance and the bend
apex, and subsequently skews outwards. In general, however, the
skewing of the velocity profiles is weak and the distributions are re-
markably uniform. Fig. 4(a) also shows the transverse profile functions
with one degree of freedom that have been fitted to the experimental
data according to Eq. (1). These profiles satisfactorily represent the
global features of the velocity redistribution through the bend.

For this case the simulation was done imposing the measured
velocity distribution based on Eq. (1) and velocity redistribution
caused by secondary flow was imposed at the upstream boundary as
〈vsvn〉∞/U2= fct(β(αs, crs1))⋅ 〈vsvn〉0/U2. The present simulations took
into account the gradual variations of the width and depth by means
of the smoothed interpolation curves shown in Fig. 4(d) and (e). The
cross-sectionally averaged streamwise velocity subsequently follows
as the discharge Q along the reach is considered to be constant.

3.3. Tollense River

The third investigated case considers ameander bend in the Tollense
River, Germany (53∘37′50.00″N, 13∘15′12.28″E), which has been inves-
tigated by a team of the Leibniz-Institute of Freshwater Ecology and
Inland Fisheries (IGB, Berlin, Germany) (Schnauder and Sukhodolov,
2011). The Tollense bend is schematically shown in Fig. 5. This bend is
characterized by additional complexities in the form of horizontal
recirculation zones, which are found at crs3 (outer bank) and at crs4
(inner bank). Schnauder and Sukhodolov (2011), computed the friction
factor from the water slope as Cf≈0.086. Local values of friction factor
were also derived from the vertical profiles of point measurements of
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velocity and Reynolds shear stresses. At locations without riverbed
vegetation, the stress profileswere linearly extrapolated to thebed level
to yield the bed shear stress. Where vegetation was abundant, the
measuredpeak stress in thewater column associatedwith the top of the
vegetation canopy was taken as reference to determine the friction
factor. The patchiness of the riverbed vegetation can be recognized in
the spatial variations of the friction factor through the bend (Fig. 5(f)
and Schnauder and Sukhodolov, 2011). The average friction factor found
using the pointmeasurements of velocity and Reynolds shear stresses is
Cf=0.03 which is lower than the value obtained from the water slope.
This difference can be explained because of the losses from the
horizontal mixing layers and the topographic steering effects which
cannot be captured using a model with a single degree of freedom for
the bed-elevation (A). Furthermore, the varying water depth along the
bend and the low streamwise velocity (U=0.05 m/s) introduce an
added uncertainty for the correct determination of the friction factor
from the water slope. We believe that the friction factor determined
from point measurements of velocity and the Reynolds stresses is a
more accurate representation of the bed-friction and therefore this
value will be used in the simulation. The centerline radius of curvature
and thewidthwere estimated according to the samemethod applied for
the Polblue Bend. The centerline radius of curvature at the apex was
found to be about Rap=16.4m,which is smaller than the averagewidth
of about B=19.1 m. The width varies through the bend (Fig. 5) and
attains maximum values in the cross-sections where outer-bank flow
separation occurs (crs3) and at the bend apex (crs4). The average flow
depth in the bendwas about 1.5 m, but varies considerably through the
bend (Fig. 5). The ratiosRap/Bap=0.7 and Rap/Hap=9.2 indicate that this
is a sharply curved bend.

Fig. 5(b) shows that the bed morphology varies throughout the
bend: crs2 and crs3 have a compound channel appearance that is
related to the zones of horizontal flow recirculation, whereas the
other cross-sections have morphologies that are more typical of
single-thread rivers. Steep outer banks occur downstream of the bend
apex. Fig. 5(b) also shows the transverse profile functions with one
degree of freedom that have been fitted to the measured bed
topography according to Eq. (2), whereas Fig. 5(b) show the
corresponding evolution through the bend of the scour factor A/R.
Similarly, Fig. 5(a) shows the measured velocity distribution and the
transverse profile functions fitted to them. The influence of the right-
turning upstream bend is clearly visible in the transverse profiles of
the bed topography and the velocity. The measured velocities at crs3
(see Fig. 5), reveal flow in the upstream direction which is a signature
of the horizontal flow recirculation zone.
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For the simulation of this case the measured velocity distribution
at crs1 was imposed at the upstream boundary according to Eq. (1).
The secondary flow value at the upstream boundary was computed as
〈vsvn〉∞/U2= fct(β(αs, crs1))⋅ 〈vsvn〉0/U2. Moreover, the simulations took
into account the gradual variations of the width (including the
horizontal recirculation zones) and the depth, by means of the
smoothed interpolation curves shown in Fig. 5(d) and (e) similarly to
the method used for the Polblue Creek bend 3 simulation.

4. Analysis of processes governing the velocity redistribution

As indicated in themodel description (Section 2), the secondaryflow
is of particular importance with respect to the velocity redistribution
andwith respect to the effect and relevance of nonlinear hydrodynamic
interactions. Fig. 6 (left column) compares the measured evolution of
the width averaged secondary flow strength around the bend to
simulationswith the nonlinear hydrodynamicmodel and to simulations
with the linear mild-curvature formulation of this model.

The width averaged secondary flow strength is defined as

Ĩ =
1
BH

∫
B = 2

−B = 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈

vn−Un

U

� �2

〉
s

·sign vn;surf ace
� �

dn ð11Þ

The brackets 〈 〉 indicate depth-averaged values. Notice that this
parameter remains valid in straight reaches where R−1=0. The
addition of sign(vn, surface) allows accounting for the sense of rotation
of the secondary flow cell. Averaging the secondary flow over thewidth
of the river, allows us to get a qualitative idea about the secondary flow
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strength through the bend as local features which appear on less than
the width scale are filtered out.

For all three cases the linearmodel predicts higher absolute values of
thewidth averaged secondaryflow than the nonlinearmodel. Nonlinear
hydrodynamic effects reduce the secondary flow Ĩ by as much as 79%,
95% and 27% in the three respective cases. For all cases, the nonlinear
model predictions agree satisfactorily with the experimental data.

Fig. 6 (right column) compares the streamwise velocity distribution
inferred from the measurement to simulations with the nonlinear and
linear models, respectively. In line with the observations on the
secondary flow, the nonlinear model simulates satisfactorily the global
velocity redistribution for all three cases. The linear model fails
dramatically for the Polblue bend with values that deviate by an order
of magnitude from the measurements, and shows errors of about 100%
for the Kinoshita flume. Only for the Tollense bend, the linear model
provides satisfactory results.
These results indicate that the nonlinear model is a reliable tool for
predicting the flow distribution in open-channel bends, irrespective of
their curvature. The success of themodel for the Tollense bend indicates
that, although the flow patterns can become increasingly complex in
real meander bends (horizontal recirculation zones, riverbed vegeta-
tion, pool riffle sequences), the non-linear hydrodynamic flowmodel is
of practical relevance for the modelling of large scale and long term
meander development as it accurately captures the large scale velocity
redistribution through the bend. Locally, differences may occur, such as
the difference between the measured velocity distribution and the
nonlinear model prediction in cross-sections crs4 and crs5 of the
Tollense bend. This difference could well be attributed to the patch of
vegetation on the point bar near the inner bank, which causes an
outwards skewing of the velocities. Obviously, the reduced-order
nonlinear hydrodynamic model cannot account for such features
occurring on a spatial scale that is smaller than the channel width.
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The successful simulation of the secondary flow and the velocity
redistribution in the three investigated sharp open-channel bends
further validates Blanckaert and de Vriend's (2003, 2010) nonlinear
hydrodynamic model as a tool to investigate the processes that govern
the flow redistribution in sharp river bends. The relative importance of
the different processes will be assessed by evaluating the different
contributions to the forcing term (Eq. (5)) in the model equation of the
velocity distribution (Eq. (3)). The nonlinear and linear models will
again be compared to provide further insight in the role of the nonlinear
hydrodynamic interactions.
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effects are an order of magnitude smaller than the effects of curvature
variations in the upstream half of the Tollense bend, and they only
become relevant in the downstream half of the bend. Nonlinear
hydrodynamic effects also affect the change in curvature mechanism
(term II in Eq. (5), see bend-averaged values included in Fig. 7). Again
the effect is more pronounced in the Kinoshita flume and the Polblue
Creek bend 3, than in the Tollense River bend.

The streamwise change in curvature (term II in Eq. (5)) is the
dominant process in all three investigated cases. This confirms the
scaling analysis of Blanckaert and de Vriend (2010), which suggested
that this process is negligible inmildly curvedbends but of leading order
of magnitude if Cf−1H/R=0(1). This scaling parameter attains values of
about 21, 29 and 2 in the Kinoshita, Polblue and Tollense bends,
respectively.

Velocity redistribution by the secondary flow is a process of
dominant order of magnitude in all three cases. The scaling analysis of
Blanckaert and de Vriend (2010) suggested that this process is of
dominant order ofmagnitude in narrow riversB/Hb10, but negligible in
shallow ones B/HN50. The aspect ratio for the Kinoshita flume, Polblue
Creek and the Tollense River are 4.2, 2.3 and 12.6 respectively. This
means that althoughnonlinearhydrodynamic interactions considerably
reduce secondaryfloweffects in sharply curved river bends, they remain
of dominant order of magnitude in bends that are not very shallow.

Topographic steering of the flow (term I in Eq. (5)) is obviously
negligible in the Kinoshita flume with horizontal bed. It is a process of
dominant order ofmagnitude in the Tollense bend, but also negligible in
the Polblue bend. This seemingly contradicts the scaling analysis of
Blanckaert and de Vriend (2010), which suggested that this process is
never negligible. Their scaling analysis was based on values of the scour
parameterA in the rangeof 2.5 to6, however,which is typical for alluvial
rivers (Ikeda et al., 1981; Odgaard, 1981). The quasi-horizontal bed
topography in the Polblue bend leads to a scour factor that is an order of
magnitude smaller, and explainswhy topographic steering is negligible.

The influence of streamwise variations in the transverse bed and
water surface slopes (term IV in Eq. (5)) is negligible in all three cases,
as predicted by Blanckaert & de Vriend's scaling analysis.

These results extend the results of Blanckaert (2011), who
investigated the asymptotic case of axi-symmetric curved flow (an
infinite bend of constant curvature). Blanckaert showed the relative
importance of secondary flow and topographic steering as a function of
the two control parameters Cf−1H/B and R/B and moreover he analyzed
the influence of non-linear hydrodynamic effects as a function of these
same twoparameters. Thefirst parameter, accounting for the roughness
and the shallowness, characterizes a river reach, whereas the second
parameter quantifies the curvature of individual bends. Although this
case of axi-symmetric curved flow is by definition unable to account for
curvature changes, its solution can be seen as a first approximation for
the importance of secondary flow effects and topographic steering in
natural river bends with varying curvature.

As mentioned in the introduction, the secondary flow has two
important effects on the flow redistribution. Besides the advective
redistribution of momentum analyzed above, the secondary flow also
induces a transverse component of the bed shear stress, which
conditions the development of a transverse bed slope (Olesen, 1987;
Camporeale, et al., 2007) that in its turn leads to topographic steering.
Averaged over the bend, the scour factors, A, in the Polblue and Tollense
bends are about 0.1 and 0.35, respectively, which is considerably lower
than the typical values for alluvial rivers ofA=2.5 to 6 reported by Ikeda
et al. (1981) and Odgaard (1981). These low values may be ascribed to
two main causes. The first is the reduction of the secondary flow
strength due to non-linear hydrodynamic interactions. The second
reason is the high roughness in the vegetated Tollense River (Cf≈0.03),
which is higher than the typical roughness found in naturally
meandering channels (Cf≈0.008; Crosato, 2008, Table 7.1). An increase
in roughness leads to weaker secondary flow (cf. Blanckaert and de
Vriend, 2003, Fig. 4).
5. Conclusions

The processes governing the velocity redistribution in sharp
meander bends are still poorly understood, which can largely be
attributed to the validity range of most meander models (i.e. limited to
mildly-curved bends and slow streamwise curvature variations), and
also to the scarcity of experimental data in sharp bends. This paper
provided new insight in hydrodynamic processes occurring in sharp
river bends based onnumerical simulations of three recent experiments
by means of Blanckaert and de Vriend's (2003, 2010) reduced-order
nonlinear model without curvature restrictions. These three experi-
ments concerned very sharply curved open-channel flows in configu-
rations with different characteristics. The Kinoshita laboratory flume
had a narrow rectangular cross-section and smooth boundaries, the
even narrower Polblue bend was characterized by the quasi-absence of
secondary flow, and the Tollense had marked horizontal recirculation
zones and patches of riverbed vegetation.

Blanckaert and de Vriend's nonlinear model includes the following
processes that contribute to the velocity redistribution in bends:
topographic steering, effects of streamwise variations in river curvature
and effects of secondary flow. Moreover it accounts for nonlinear
hydrodynamic interactions that reduce the secondary flow strength.
The model successfully simulated the global mean flow redistribution
and the characteristics of the secondary flow in all three experiments,
which further validated the model as a tool to investigate the processes
governing the global flow redistribution. The results suggest that the
globalflowredistribution is primarily governedby topographic steering,
curvature changes and secondary flow, in a broad range of different
configurations, including mildly to sharply curved bends, narrow to
shallow bends, smooth to rough bends, bends with additional
complexities such as horizontal recirculation zones or patches of
riverbed vegetation. The relative importance of these three dominant
processes is case dependent, and essentially controlled by the param-
eters Cf

−1H/B, R/B and streamwise variations in curvature, ∂R−1/∂s
which are determined by the river planform. The first parameter
characterizes a river reach,whereas the secondand thirdparameters are
characteristics of individual bends.

Major differences exist between the processes governing the
velocity redistribution in mildly and sharply curved bends. First,
velocity redistribution induced by curvature variations is negligible in
mildly curved bends, but was found to be the dominant process in the
three investigated sharp bends. These results confirm the scaling
analysis of Blanckaert and de Vriend (2010), which suggested that
flow redistribution induced by streamwise curvature variations scales
with the control parameter Cf

−1H/R. This result is relevant, because
most meander models are based on the assumption of weak-
curvature variations and therefore intrinsically unable to represent
accurately the velocity redistribution in sharp river bends. Second,
nonlinear hydrodynamic processes play a dominant role in sharp
bends, as revealed by comparison of predictions with Blanckaert & de
Vriend's nonlinear hydrodynamic model to predictions with their
model in its linear mild-curvature formulation. Linear models were
not as accurate in predicting the secondary flow strength in the three
investigated sharp bends. For the Tollense the linear model provided
the correct order of magnitude, however for the Kinoshita flume andd
the Polblue Creek it overpredicted the secondary flow strength by an
order of magnitude, and falsely identified the secondary flow as the
dominant process governing the velocity redistribution, ultimately
leading to unsatisfactory predictions of the velocity redistribution.
The inclusion of nonlinear hydrodynamic interactions in the non-
linear model reduces the growth of the secondary flow with
increasing curvature. This mechanism, which Blanckaert called the
saturation of the secondary flow, was also demonstrated by van Balen
et al. (2011)) using a Large Eddy Simulation model applied to a wide
range of axi-symmetric flow cases. This saturation of the secondary
flow is accompanied by a reduction in the velocity redistribution
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induced by the secondary flow, as well as a reduction in the transverse
bed slope induced by the near-bed secondary flow velocities. This
reduced transverse bed slope reduces the effect of topographic
steering.

It should be recalled that this paper focused on the hydrodynamic
processes occurring in sharp open-channel bends. The nonlinear
hydrodynamic model has to be coupled to models for the bed
morphology and for the bank migration that are valid in the sharp-
curvature range, in order to obtain a model for meander dynamics
without curvature restrictions.
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