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ABSTRACT: Understanding the mechanisms through which the momentum and Reynolds stresses are
redistributed in strongly curved bends is directly relevant for flow in natural river configurations. In this
paper, Detached Eddy Simulation (DES) is used to calculate the flow and turbulence structure in a single
open channel 193° bend of very high curvature for which the ratio between the mean curvature and the
channel width is close to 1.3. For these conditions, the strength of the cross-stream motions and anisot-
ropic effects are very important. This makes it a very tough test case for numerical models. The three-
dimensional velocity distributions predicted by DES are compared to the data obtained from an experi-
ment conducted at EPFL-Lausanne. Results show that DES satisfactory capture the distribution of the
streamwise velocity in the mean flow and, more important, the distribution of the streamwise vorticity in
relevant cross-sections. Comparison with Reynolds Averaged Navier Stokes (RANS) simulations shows
that DES is significantly more successful in predicting the velocity redistribution in the channel as a re-
sult of the non-linear interactions between the main flow and the cross flow induced by the channel cur-
vature. The success of DES is particularly important, as this technique can be used to conduct numerical
simulations at Reynolds numbers close to those present in the field, thus allowing the study of scale ef-
fects.
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1 INTRODUCTION flow velocity and bed shear stress increase in the
region close to the outer bend where erosion is in-
Natural rivers are seldom straight over distances itiated and a pool is created. As the scour develops
larger than a few channel widths. The secondary at the outer region of the bend, the transversal
flow and associated cross-stream circulation in the slope increases until the force induced by the sec-
curved and meandering regions play an important ondary current (main cross-stream circulation
role in the transport processes (e.g., sediment, cell) against the transversal slope is balanced by
contaminants). the (downwards) component of the gravitational
The flow, sediment transport and associated force acting on the sediment particle in the same
bathymetry evolution in curved channels are de- direction (e.g., Odgaard 1981). At this point equi-
termined to a large degree by the helical motion of  librium is reached and the large-scale features of
the water due to the action of the centrifugal the bathymetry do not change significantly in
forces present in regions of relatively high chan- time. Hence, the cross-stream circulation indirect-
nel curvature. In the region close to the outer ly determines the flow field by shaping the ba-
bank, the shear stress is strongly amplified in the thymetry.
downstream part of the curved region, and some In recent years, several fully 3D computations
distance past it, before the flow and shear stress of flow and sediment transport in loose-bed open
distributions recover toward the values associated channels have been performed for bends of mod-
with straight open channels. Near the bed, sedi- erate curvature for which the ratio between the ra-
ment particles move toward the inner bank where, dius of curvature of the bend, R, and the channel
eventually, they deposit and raise the bed level by width, B, was larger than 4 (e.g., Wu et al., 2000,
forming a point bar. Concomitantly, the mean Khosronejad et al., 2007, Zeng et al., 2008b). In
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all these studies, one or two equation isotropic
Reynolds Averaged Navier Stokes (RANS) mod-
els were used to account for turbulence effects.

Zeng et al. (2008a) were the first to report 3D
RANS simulations with movable bed and with
fixed deformed bed corresponding to equilibrium
conditions in a very sharp open channel bend
(R/B=1.3). The test case (Blanckaert, 2002) was
designed to include all processes occurring in the
natural river environment in an exaggerated way,
in order to make them better visible and to allow
validation of 3D morphodynamic models by
means of an extremely severe test case.

Comparison of the results of these two RANS
simulations with experimental measurements per-
formed at equilibrium scour conditions by
Blanckaert (2002) showed that discrepancies be-
tween measurements and RANS predictions were
due both to failure of the flow module of the mor-
phodynamic code to predict the flow and turbu-
lence structure in the bend and to deficiencies in
the modelling of the sediment transport which de-
termines the evolution of the bed. This means that
to increase the accuracy of numerical models used
to predict flow, sediment transport and morpho-
dynamic changes in loose-bed open channels and
natural streams, more complex sediment transport
(in particular, bed-load transport) models and
more complex turbulence models have to be used.

Even for flat bed conditions corresponding to
the initiation of the scour and deposition process,
there is wide agreement that to qualitatively and
quantitatively capture the intricate cross-stream
flow pattern in the curved bend (e.g., the forma-
tion of the outer bank cell of cross-stream circula-
tion), an advanced turbulence model capable of
accurately resolving turbulence anisotropy effects
and the kinetic energy transfer between mean flow
and turbulence is needed (e.g., see Blanckaert &
de Vriend, 2004, 2005).

Among the options available to increase the
accuracy of the predictions of the mean flow and
turbulence structure in curved open channels and
natural streams are useing anisotropic Reynolds
stress RANS models, Large Eddy Simulation
(LES), or hybrid RANS-LES approaches. As our
long term goal is to be able to use the same nu-
merical model to study flow and sediment trans-
port in natural streams at field conditions, the use
of a hybrid RANS-LES model that allows per-
forming eddy resolving simulations at field chan-
nel Reynolds numbers (e.g., around 10°) appears
the best option. This is because well-resolved LES
is too expensive to simulate the flow at such high
Reynolds numbers, while standard LES with wall
functions uses a much more simplified approach
to account for the processes in the near-bed region
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and for wall roughness effects compared to an ad-
vanced hybrid RANS-LES model like Detached
Eddy Simulation (DES).

The present study uses DES (e.g., see Constan-
tinescu & Squires, 2004 for a more detailed dis-
cussion of the model) to investigate the flow and
turbulence structure in open channel bends of high
curvature. The good performance of DES in pre-
dicting massively separated flows and junction
flows (e.g., flow past bridge piers, bridge abut-
ments, groynes, etc.) over a wide range of Rey-
nolds numbers, in particular compared to RANS,
was already proven (e.g., see Constantinescu et
al., 2003, Chang et al., 2007, Koken & Constanti-
nescu, 2009, Kirkil et al., 2009, Kirkil & Constan-
tinescu, 2009). However, flow in curved bends do
not automatically fall into this category, especially
if large emerged / submerged islands or hydraulic
structures (e.g., groynes installed to protect
against bank erosion) are not present. Thus, a
careful assessment of the performances of DES
for this type of flows is needed.

One should also mention that, once validated,
DES can be a powerful technique to study flow in
natural streams not only compared to other numer-
ical approaches, but also compared to experiment.
Though in many regards the ideal way to go, de-
tailed field studies of flow in natural river bends
are relatively scarce (e.g., Thorne et al., 1985) be-
cause of the high costs involved. Moreover,
changing conditions in the river during the mea-
surement period adds another level of complexity
that has to be taken into account when analyzing
the data and using it for validation of numerical
models. The resolution at which the measurements
are performed within the area of interest in such
field studies and the accuracy of these measure-
ments are lower than those of state-of-the-art la-
boratory experiments. Such experiments con-
ducted in controlled environments allow a detailed
investigation of the mean flow and turbulence
structure (e.g., Blanckaert, 2002). Still, in many
cases such experimental investigations also report
detailed measurements only in one or few cross
sections which are not enough to exactly deter-
mine the position and strength of the large-scale
coherent structures in the flow. Such measure-
ments do not allow to accurately estimate the dis-
tribution of the friction velocity at the bed and the
sidewalls, nor that of the pressure root mean
square (rms) fluctuations. This is a serious short-
coming, as the entrainment of sediment particles
is driven by the local values of the bed friction
and the pressure rms fluctuations. On the other
hand, most of the detailed experimental investiga-
tions of flow and sediment transport in curved
open channels were conducted at channel Rey-
nolds numbers less than, or around, 10°. A main



question is to what extent the findings from these
detailed experimental investigations apply in the
field, where the Reynolds numbers can be much
larger than 10°. Investigation of scale effects using
DES can help answer some of these questions.

While in the case of a flat-bed curved channel,
one can argue that the use of LES (e.g., van Balen
et al., 2009) or hybrid RANS-LES approaches
should result in more accurate predictions of the
flow and turbulence compared to RANS because
of the importance of turbulence anisotropy effects,
in the case of a more complex bathymetry the an-
swer is not so obvious as most of the secondary
motions are primarily pressure driven. This is
however an essential question, as after the initial
stages of the scour process, the bathymetry fea-
tures start playing an important role in the redi-
stribution of the mean flow and the formation of
shear layers and secondary large-scale vortices.
Moreover, natural streams have always a de-
formed bed. If switching from RANS to a hybrid
RANS-LES model will result in a significant im-
provement of the mean flow and turbulence struc-
ture in the open channel at all, or most, stages of
its evolution toward equilibrium, then one can ar-
gue that the use of such eddy resolving models in
codes that have the capability to predict sediment
transport and the bathymetry should be underta-
ken. Better predictions of the mean flow and tur-
bulence will result in a more accurate prediction
of the bed shear stresses and of the other quanti-
ties that are used to estimate the suspended and
the bed load transport and, ultimately, the channel
bathymetry.

2 NUMERICAL METHOD, DESCRIPTION OF
THE TEST CASE AND SIMULATION SET
UP

A general description of the DES code is given in
Chang et al. (2007). One should also mention the
RANS version of the same code was used by Zeng
et al. (2008b, 2010) to calculate flow and sedi-
ment transport in similar curved open channels
with movable bed, including in the geometry con-
sidered in the present paper (Zeng et al., 2008a).
The results section details the comparison be-
tween the present DES simulation and the corres-
ponding RANS simulation conducted by Zeng et
al. (2008b) with a deformed fixed bed.

The 3D incompressible Navier-Stokes equa-
tions are integrated using a fully-implicit fraction-
al-step method. The governing equations are
transformed to generalized curvilinear coordinates
on a non-staggered grid. The convective terms
in the momentum equations are discretized using a
blend of fifth-order accurate upwind biased
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scheme and second-order central scheme. All oth-
er terms in the momentum and pressure-Poisson
equations are approximated using second-order
central differences. = The discrete momentum
(predictor step) and turbulence model equations
are integrated in pseudo-time using alternate di-
rection implicit (ADI) approximate factorization
scheme. The Spalart-Allmaras (SA) one-equation
model was used as the base model in DES and to
perform the RANS simulation. Time integration in
the DES code is done using a double time-
stepping algorithm. The time discretization is
second order accurate. Validation of the DES code
for flow in channels with bottom mounted cavities
and flow past surface mounted bridge piers is dis-
cussed in Chang et al., (2007) and Kirkil and Con-
stantinescu (2009).

Figure 1 shows a sketch of the flume in which
the M89 mobile bed experiment was carried by
Blanckaert (2002). The flume consisted of three
sections: a 9 m long straight inflow channel reach
followed by a 193° bend with constant centerline
radius of curvature R=1.7 m and a 5 m long
straight outflow reach. The total length of the
flume was 22.7 m along the centerline. The
width of the flume was B=1.3 m and the sidewalls
(banks) were vertical. The bed was covered with
quasi-uniform sand with an average diameter of
about dsp=2mm. The bathymetry was measured
after the flow and sediment transport reached
equilibrium. Also detailed velocity measurements
of the flow at equilibrium conditions by means of
an Acoustic Doppler Velocity Profiler are availa-
ble in representative sections for validation (for
more details see Zeng et al., 2008a). The inflow
discharge was 0.089 m’/s. The Reynolds number
and the Froude number calculated using the
flume-averaged flow depth and the flume-
averaged velocity were 68,400 and 0.41, respec-

$ i 4=ti’nle_t
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tively.

Figure 1 Sketch of the flume in which the experiment was
conducted.
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Figure 2. 3D view of the bathymetry at equilibrium condi-
tions. The bed elevation is measured with respect to the
mean position of the free surface (z/D=0) in the inlet.

Figure 3. Visualization of the vortical structure of the mean
flow predicted by DES using the Q criterion.

The results are presented in non-dimensional
form. The length scale is selected to be D=0.115
m. The velocity scale is U=0.61 m/s.

At the inflow section, turbulent inflow condi-
tions corresponding to fully-developed turbulent
channel flow with resolved turbulent fluctuations
are applied in DES. A steady fully developed
precalculated RANS solution was used to specify
the inflow conditions in the RANS simulations. At
the outflow, a convective boundary condition is
used in DES. The free surface is treated as a rigid
lid but the free surface deformation measured in
the experiment was taken into account when the
computational domain and mesh were generated.
All the walls are treated as no-slip boundaries. In
both RANS and DES, the equivalent total bed
roughness estimated using the procedure de-
scribed in Zeng et al. (2008a) was 0.037 m. This
value is comparable with the measured height
(0.03 — 0.05 m) of the small-scale traveling dunes
observed over the whole bed in the experiment.

The computational domain in DES was
meshed using about 10 million cells. The mesh in
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the RANS simulation was much coarser, but the
RANS solution was checked to be grid indepen-
dent. In both RANS and DES, a minimum grid
spacing of one wall unit was used in the wall
normal direction to avoid the use of wall func-
tions. The location of the inflow section in DES
and RANS was the same (9 m upstream of the
bend entrance).

3 ANALYSYS OF MEAN FLOW FIELD AND
COMPARISON WITH EXPERIMENT

The bathymetry at equilibrium conditions is de-
picted in Fig. 2. The measured equilibrium ba-
thymetry shows that scour in the outer half of the
cross-section develops upon entering the bend.
The flow depth reaches a maximum of about 3D
in the cross-section situated at 60° within the bend
(D60 in Figs. 1 and 3), before reducing to a value
of about 2.2D in sections D120 and D150. Scour
increases again upon approaching the bend exit.
The flow reaches a depth of about 2.6H in section
D180. Then, the scour decays in the straight out-
flow reach and the bed is about flat in the outer
part of section P2.9 (Fig. 1), situated 2.9 m down-
stream of the end of the curved reach.

As discussed by Zeng et al. (2008a), the rapid
development of the transverse bed slope past sec-
tion D30 induces a rapid spanwise redistribution
of the discharge. For example, in section D60
more than 90% of the discharge flows through the
outer half of the cross-section and the maximum
unit discharge is about three times higher than in
the straight approach flow. The shallow inner half
of the cross-section over the point bar developing
between sections D30 and P1.5 is a kind of dead
water zone. Downstream of section D60, about
75% of the flow discharge is conveyed through
the outer half of the cross-section. The spanwise
distribution of streamwise unit discharge is mod-
ulated by the bed topography. Its non-uniformity
decreases from section D60 to section D120, and
increases again towards the bend exit. In the
downstream part of the straight outflow reach, the
flow tends to become uniform over the width.

The Q criterion was used in Fig. 3 to visualize
the main large-scale eddies present in the mean
flow based on DES predictions. The vortex V1
corresponds to the main cell of cross-stream circu-
lation developing on the outer half of the cross
section, starting close to the entrance into the bend
region. The eddy present close to the channel cen-
terline between sections D60 and D90 corres-
ponds to the shear layer forming on the outer side
of the point bar centered around section D75. The
dominant vorticity component into that eddy is
vertical rather than streamwise. Additionally,



three more streamwise oriented vortices denoted
V2, V3 and V4 form in the vicinity of the inner
wall and slowly diverge from the inner bank as
one move downstream. These three vortices are
not connected. Their circulation increases fast
downstream of the streamwise position where
they originate and then decays slowly in the
streamwise direction. Certainly, the presence of a
deeper region very close to the inner bank in some
parts of the flume favors the formation of these
vortices, in particular V3 and V4. One can also
argue that the formation of the large-scale eddies
triggers the changes in the bathymetry observed at
equilibrium conditions close to the inner bank. We
are in the process of running a similar simulation
with flat bed to try to understand to what degree
the formation of these streamwise oriented vortic-
es at the inner bank is dependent on the presence
of a deformed bed. As the discussion of the mean
flow structure in representative cross section will
show, some of these vortices (e.g., V3) can be
quite strong. Coupled with the fact that a large
amplification of the turbulent kinetic energy is
present inside the cores of some of these vortices,
it is possible that their formation may substantial-
ly amplify the bed friction velocity and pressure
fluctuations on the solid surfaces (inner bank, bed)
situated in their vicinity.

Figure 4 compares the RANS and DES predic-
tions of the non-dimensional streamwise vorticity
in section D60. This section cuts through the main
cell of cross-stream motion, denoted V1. Similar
to the experiment, DES captures the formation of
a relatively circular patch of high streamwise vor-
ticity at the end of the bottom attached boundary
layer induced by the cross stream motions in the
vicinity of the bed over the inner half of the sec-
tion. This compact patch of high streamwise vor-
ticity corresponds exactly to the position of the
core of V1 as visualized by the Q isosurface in
Fig. 3. Meanwhile, RANS does not capture the
presence of a clear region that can be associated
with V1. In fact, when the Q criterion is used to
visualize the main eddies in the RANS solution,
the strength of V1 is significantly underpredicted
compared to DES. Moreover, the distribution of
the streamwise velocity in the same section (not
shown) is also affected. The presence of a strong
vortex centered around m/D=3.5 in section D60
induces the formation of a tongue of higher
streamwise velocity in the vicinity of the bed,
over the outer half of the section, in the experi-
ment and DES solution. This redistribution of the
streamwise velocity due to the presence of a
strong compact vortex (V1) is not captured by
RANS. One should also mention that in the expe-
riment and DES the core of V1 corresponds to a
region where the streamwise velocity is smaller
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than that in the surrounding flow. As one moves
downstream of D90, the core of V1 increases
while its strength diminishes rapidly.

Next, we focus our attention on section D120
(Fig. 5). At this streamwise location the main re-
circulation eddy is still present. No compact core
of strong streamwise vorticity is present at this
section. However, both the experiment and DES
show the presence of a relatively large patch of
stronger streamwise vorticity compared to that in
the surrounding flow. This patch is situated close
to the free surface and the outer wall. Consistent
with the underestimation of the strength and com-
pactness of the vorticity distribution inside the
core of V1 at section D60, no patch of vorticity
corresponding to V1 is present in section D120.

Meanwhile, a strong vortex V3 is present close
to the inner bank in DES. This vortex is clearly
visible in Fig. 5. Unfortunately, no velocity mea-
surements were available in that region. However,
the presence of a strong vortex at the inner bank is
fully consistent with the local scour observed
close to the inner bank (n/D<-4). Moreover, the
vorticity levels between 1/D<-2 and n/D=-4.5 are
in very good agreement in experiment and DES.
Away from the bed, RANS predicts significantly
lower vorticity values in this region. One should
mention that 2D streamline patterns show the
presence of an eddy similar to V3 in the RANS
simulation. However, its strength is couple of
times lower compared to DES that also shows a
very large amplification of the turbulent kinetic
energy in the region where the core of V3 is lo-
cated. A strong vortex is needed to induce local
scour, especially that the streamwise velocity (see
Fig. 6) in the same region is relatively low, both in
RANS and DES.

Comparison of the streamwise velocity distri-
butions in Fig. 6 shows other interesting differ-
ences between RANS and DES predictions. The
core of large streamwise velocities already started
moving toward the inner bank. Experimental mea-
surements show that the center of the core is si-
tuated close to the centerline in section D120 and
the patch containing relatively high values of the
streamwise velocity penetrates up to n/D~-3.5 on
the inner side and up to n/D~3 on the outer side of
the section. Though some differences are observed
between the experiment and DES, the overall
agreement is quite satisfactory. The RANS distri-
bution of the streamwise velocity presents several
qualitative and quantitative differences with both
experiment and DES. The peak values inside the
core of large streamwise velocities are smaller.
However, the area occupied by this patch is larger.
In particular, rather than extending up to n/D~3
on the outer side of the section, the core penetrates
in the lower part of the section until close to the



outer bank. This penetration is possible because of
the severe underprediction of the coherence of V1
in the same section.

Next, the streamwise velocity distributions in
section P2.9 situated in the downstream straight
reach of the flume are compared in Fig. 7. Though
RANS predictions are closer to DES in terms of
the overall level of agreement with experiment,
some differences can still be pointed out. The po-
sition of the region of very high streamwise veloc-
ity is situated too close to the inner wall and the
peak values are overestimated in RANS. Though
that is also true in DES, the differences with the
experiment are smaller. However, most of the im-
portant differences in the flow structure in section
P2.9 between DES and RANS are related to the
differences in the distributions of the streamwise
vorticity in the two simulations.

RANS totally fails to predict the circular region
of negative vorticity associated with V4 (see Fig.
3) at n/D~-4.5 and the tongue of negative vorticity
starting at the crest of the hump centered around
1n/D=0. Both these features are present in the
streamwise vorticity distributions calculated based
on velocity measurements. Moreover, the vorticity
levels in the two regions of negative vorticity are
comparable in DES and experiment. By contrast,
in RANS the streamwise vorticity values are very
low in that section. Inspection of the 2D stream-
line patterns shows that even in RANS a recircula-
tion region in predicted close to the bed, in be-
tween the inner wall and n/D=-0.5. However, the
circulation is very close to zero and the presence
of a strong vortex (V4) and a weaker cell centered
at n/D=-2.5 is not captured. The 2D streamline
patterns in experiment and DES are very similar
in this region. The strength of V4 is so large that it
induces the formation of a bottom attached vortex
that, at times, ejects patches of positive vorticity.
This is the main mechanism that modulates the in-
tensity of V4 in the instantaneous flow fields. This
detaching boundary layer is situated too close to
the bed to be accurately captured by the experi-
mental measurements. The formation of V4 can
also provide part of the explanation why the water
elevation becomes larger near the inner wall
downstream of P1.0. As V4 moves away from the
inner wall (Fig. 3) and starts loosing its coherence,
one expects the differences in the bathymetry le-
vels would gradually diminish.

4 CONCLUSIONS

The present study considered the flow in an open
channel bend of very high curvature over realistic
topography corresponding to equilibrium scour
conditions. For this test case, that greatly chal-
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lenges the predictive capabilities of the numerical
solver and turbulence model, the flow and turbu-
lent structure are controlled by the non-linear in-
teraction between the downstream velocity and
the cross-stream circulation. This interaction is
further complicated by interaction with the
bathymetry, which leaves a strong fingerprint on
all characteristics of the flow field.

DES revealed several strong streamweise ori-
ented vortices formed near the inner bank. The
presence of these vortices generally results in a
strong amplification of the turbulence (velocity
and pressure fluctuations) close to the solid
boundaries situated in the vicinity of these flow
structures (e.g., inner bank, channel bed). The
strength and exact extent of some of these vortices
were not possible to estimate from experiment be-
cause of the lack of data near the two sidewalls.
Results clearly show that compared to RANS,
DES is able to better capture the distribution of
the streamwise velocity and streamwise vorticity
that is a direct measure of the strength of the sec-
ondary flow over the strongly curved bend. A bet-
ter prediction of these two variables will auto-
matically result into a better prediction of the
streamwise and cross-stream components of the
bed friction velocity and of the depth averaged
horizontal velocity components that are used by
the sediment transport module in codes that have
the capability to predict the bed deformation.
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The data generated from DES simulations will
be used to enhance insight in the physics of the
flow in bends of strong curvature over flat and
equilibrium bathymetry and to study scale effects
between the range of Reynolds numbers art which
most experimental studies are conducted and the
range of Reynolds numbers typically encountered
in the field. These simulations will allow enlarg-
ing the range of geometrical and flow parameters
over which detailed information on the flow phys-
ics, streamwise variation of the strength of the
secondary flow and integral parameters characte-
rizing the flow in curved bends are available.
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