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ABSTRACT: High-resolution eddy-resolving numerical simulations of the flow at an asymmetric river
confluence with concordant bed are used to investigate the effect of the momentum ratio on the flow and
turbulence structure. The focus is on a case with a value of the momentum ratio between the two streams
close to five. To better understand the effect of the momentum ratio on the flow hydrodynamics, compari-
son is shown with results from a numerical simulation of the flow at the same confluence but with a mo-
mentum ratio close to one. The Detached Eddy Simulation (DES) solutions are used to investigate the
changes in the dynamics of large-scale coherent structures, in particular, the mixing layer vortices and the
streamwise oriented vortical cells forming on the sides of the mixing layer. The comparison between the
two cases shows that: (1) the quasi two-dimensional vortices shed in the mixing layer change from wake
type to vortex sheet type as the momentum ratio increases from one to five; the coherence of these eddies
and their capacity to entrain sediment from the bed is much larger in the later case; (2) while being of
comparable strength when the momentum ratio is close to one, the streamwise oriented cell on the high
momentum side of the mixing layer is much stronger than the cell on the low-momentum side of this
layer when the momentum ratio is large.
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1 INTRODUCTION dies have focused on the relationship between the

flow, turbulence and sediment transport (e.g.,
River confluences are fundamental elements of = Boyer et al., 2006) because confluences play an
river networks. A significant change in the flow important role in regulating the movement of se-
hydrodynamics (e.g., the formation of a mixing diment through river systems. The main advantage

layer starting at the confluence apex), bed geome- of field studies over laboratory studies is that they
try, and water quality is generally observed for are free of scale effects.

some distance downstream of the confluence. In- Related laboratory and theoretical studies have
terest in flow hydrodynamics and transport been performed to quantitatively characterize the
processes (sediment and contaminant transport, spatial development of shallow mixing layers de-
heat transfer), and their morphological and eco- veloping in channels with flat beds. In most cases

logical implications (e.g., development of large these investigations consider only the simplest
scour holes, increase of aquatic habitat for some case of a mixing layer developing between two
river organisms), has generated a considerable parallel incoming streams (e.g., Chu et al., 1991).

amount of research during the last few decades. The direct relevance of these shallow mixing layer
Mosley (1976) conducted one of the first laborato- studies to river confluences, and especially for
ry experiments to understand the main characteris- cases with a momentum ratio between the two
tics of flow and mixing at river junctions. streams that is close to unity, is limited. Field stu-

Field studies have been performed to investi- dies suggest that shallow mixing layers at conflu-
gate flow and turbulence structure at river conflu- ences are complex (Rhoads and Sukhodolov,
ences quantitatively by analyzing point measure- 2004) because the incoming streams generally are
ment data (e.g., Rhoads and Sukhodolov, 2001, not parallel; scour holes develop downstream of

2008; Sukhodolov and Rhoads, 2001). Other stu- the confluence; channel alignment downstream of
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the confluence may be curved rather than straight,
and quasi two-dimensional (2D) mixing-layer vor-
tices can interact with streamwise-oriented vortic-
es that may develop on one or both sides of the
mixing layer. The mechanism responsible for the
formation of these streamwise cells of helical mo-
tion was discussed, among others, by Rhoads
(1996), Paola (1997) and Miyawaki et al., (2009).
For confluences with a large angle between the
incoming streams, these cells, rather than the pre-
dominantly vertical quasi-2D mixing layer vortic-
es, play the most important role in the mixing and
sediment entrainment that occurs in the conflu-
ence hydrodynamic zone (CHZ) (Kenworthy and
Rhoads, 1995). For example, sediment particles
entrained at the bed beneath streamwise-oriented
helical cells can be convected over large distances
inside the core of these cells before being ejected
back into the surrounding turbulent flow. The
cells act as a pumping mechanism for sediment
over considerable distances downstream of the
confluence apex and play a determinant role in the
formation of the scour hole observed at most river
confluences.

The complexities of the flow and transport
processes in the confluence region are still to be
fully understood. Field studies provide a powerful
tool to investigate the flow, turbulence, mixing
and sediment transport processes at river conflu-
ences. However, recent advances in the numerical
simulation of complex turbulent flows at large
(field) Reynolds numbers allow an alternative ap-
proach to investigate these flows. For example,
Miyawaki et al. (2009) succeeded in reproducing
the main features of the three-dimensional flow
field at an asymmetrical river confluence with
concordant bed using Detached Eddy Simulation
(DES). Additionally, the mixing between the two
streams was investigated by Miyawaki (2009).
DES is a hybrid model that behaves like a Rey-
nolds Averaged Navier-Stokes (RANS) model
near the solid boundaries and like a Large Eddy
Simulation (LES) model away from them. The
switch to RANS in the near-wall regions allows
simulations to be performed for Reynolds num-
bers typical of field settings using much less com-
putational resources than those required by well-
resolved LES.

Once validated, the advantage of such a fully
3D numerical model is that it provides the whole
three-dimensional instantaneous and mean flow
fields at a resolution that is much more detailed
than the point sampling provided by field studies.
Additionally, the distributions of the friction ve-
locity and pressure root-mean-square (rms) fluc-
tuations at the bed are available from these simu-
lations. These two variables are hard to estimate
accurately for natural channels, and in particular
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for river confluences. The data provided by a suf-
ficiently well resolved DES illuminates details of
the flow, turbulence structure and sediment ero-
sion processes. Eddy resolving techniques also al-
low a detailed characterization of the type and
scale of the dynamically important turbulent struc-
tures controlling the momentum and mass ex-
change processes in the CHZ. Of particular inter-
est is to be able to characterize the position,
spatial extent and the strength of the streamwise-
oriented cells of helical motion forming on one or
both sides of the mixing layer and the position and
spatial growth of the mixing layer originating at
the confluence apex.

The momentum ratio between the two incom-
ing streams is known to be one of the key parame-
ters that control the flow hydrodynamics and mix-
ing in the CHZ. In the numerical simulation
conducted by Miyawaki et al. (2009), the momen-
tum ratio was close to unity. To understand the
qualitative and quantitative changes in the flow
structure with momentum ratio, a numerical simu-
lation of field conditions with a high momentum
ratio (~5) is conducted in the present study and
compared to the simulation with a momentum ra-
tio close to unity.

2 NUM ERICAL SIMULAT ION

2.1 Description of the test cases

The study site is the confluence of the Kaskaskia
River (KR) and the Copper Slough (CS) in east
central Illinois, U.S.A. KR has sandy bed ma-
terial (dso = 0.67 mm), while CS has a mixed sand
and gravel bed (dso = 3.5 mm). The bathymetry
and flow conditions at the confluence were meas-
ured in two field studies conducted by Rhoads and
Sukhodolov (2001, 2008). The flow and geome-
trical parameters in the simulations are close to
those in the experiments. In this paper, the simu-
lation for field conditions in Rhoads and Sukho-
dolov (2001) is called Case 1 and the simulation
for field conditions in Rhoads and Sukhodolov
(2008) is called Case 2. The field measurements in
Case 2 were obtained one year after those for
Case 1.

Table 1 compares the flow conditions for the
two test cases. The middle row in Table 1 contains
variables calculated using the average values of
the velocity and depth between the two streams.
The momentum of a certain stream (i) is defined
as pQ;U;, where Q; and U; are the discharge and
mean velocity in the stream. The momentum ra-
tio (Mr) between the two streams in Case 2
(Mr~5.4) is about five times larger than the one in
Casel (Mr~1), as CS has much more momentum



than KR. The other important difference between
the flow conditions in the two test cases is that the
mean flow depth in Case 2 is about two thirds that
in Case 1. The physical Reynolds numbers (Re)
based on the mean velocity and the mean flow
depth in Case 1 and Case 2 are approximately
166,000 and 77,000, respectively.

The paper by Miyawaki et al. (2009) contains a
validation study of Case 1 for which detailed field
data were available at several cross sections. This
paper focuses on comparing the flow and turbu-
lence structure in Case 2 to those in Casel.

In the following discussion, all the quantities
are non-dimensionalized using the mean velocity
(U) and the mean depth (D) in Case 1, i.e.,, U =
0.45 m/s and D = 0.36 m (see also Table 1).

The cross-section of both tributaries is trape-
zoidal. The KR tributary is close to parallel to the
downstream channel, while the CS tributary forms
an angle of about 60° with the downstream chan-
nel. As can be seen from Fig. 1 in which the da-
tum corresponds to the position of the free surface
in Case | and the datum in Case 2 is situated at
z'=0.58D, the maximum depth of the scour hole is
about the same (~3.0D) in the two cases, but the
volume of the scour hole in Case 2 is significantly
smaller than that in Case 1. An important qualita-

tive difference between the two bathymetries is
that the shallow region, representing a submerged
bar located between cross-sections A and C in
Case 2, is not present in Case 1. On the CS side,
the bank curvature at the entrance into the down-
stream channel is high.

2.2 Numerical model

A general description of the DES code is given in
Chang et al. (2007). The 3-D incompressible
Navier-Stokes equations are integrated using a
fully implicit fractional-step method. The govern-
ing equations are transformed to generalized cur-
vilinear coordinates on a non-staggered grid. The
convective terms in the momentum equations are
discretized using the fifth-order accurate upwind
biased scheme. All other terms in the momentum
and pressure-Poisson equations are approximated
using second-order central differences. The dis-
crete momentum (predictor step) and turbulence
model equations are integrated in pseudo-time us-
ing alternate direction implicit (ADI) approximate
factorization scheme. The Spalart-Allmaras (SA)
one-equation model was used as the base model in
DES. Time integration is done using a double
time-stepping algorithm and local time stepping is

Table 1. Flow conditions in the two incoming streams (=1 and i=2, respectively) and
main non-dimensionalparameters of the confluence flow in Case 1 and Case 2.

O Ui POU; D;
Case Stream Re Fr Mr
(m3/s)  (@m/s)  (kgm/s) (m)
KR 141 042 597 0.48
1 0.45 0.36 166,000 0.24 1.0
CS 1.34 046 615 0.32
KR 0.35 0.19 65 0.28
2 0.34 0.23 77,000 0.22 54
CS 0.75 045 337 0.19

*KR =Kaskaskia River, CS = Copper Slough, Mr = Momentum ratio

(b)

Figure 1. Bathymetry in the region surrounding the confluence. (a) Case 1, (b) Case 2. The bathymetry is
visualized using non-dimensionalbed elevation contours,z’/D.
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used to accelerate the convergence at each physi-
cal time step. The time discretization is second
order accurate. Miyawaki et al (2009) showed
that DES predictions of the mean velocity fields
are in very good agreement with the field mea-
surements for Case 1. Additional river engineer-
ing applications using the same DES code and va-
lidation are  discussed in  Kirkil and
Constantinescu (2009) and Koken and Constanti-
nescu (2009).

2.3 Simulation setup

The simulation setup and boundary conditions for
Case 2 are similar to those used for Case 1. The
mean of the average depths and average velocities
in the KR and CS streams are 0.23 m and 0.34
m/s, respectively, for Case 2. These two quantities
can be used to define a physical Reynolds number
for Case 2. Based also on information from the
field study, the equivalent non-dimensional bed
roughness is close to 170 wall units corresponding
to a physical roughness height of 0.01 m. The
channel bed and lateral walls are treated as rough
no-slip boundaries.

At the two inflow sections, turbulent inflow
conditions corresponding to fully-developed tur-
bulent channel flow are applied. The velocity
fields from preliminary periodic-channel LES si-
mulations are stored in a file and then fed in a
time-accurate manner through the two inflow sec-
tions, KR and CS.

At the outflow, a convective boundary condi-
tion is used. The free surface is treated as a rigid
lid. This is justified, as, similar to Case 1, the
channel Froude number in Case 2 is relatively
small (Fr=0.22). The computational domain was
meshed with about 5 million cells. The physical
time step is close to 0.07 sec.

3 RESULTS

3.1 Mixing layer vortices

The DES results show that the axes of the mixing
layer (ML) vortices remain close to vertical over
the whole channel depth as they are convected
downstream — a result consistent with the field da-
ta (Rhoads and Sukhodolov, 2008). Fig. 2 visua-
lizes the mixing layer vortices in the two cases us-
ing instantaneous out-of-plane vorticity contours
plotted on a surface situated 0.1D below the sur-
face. The black patches contain high negative vor-
ticity and correspond to the clockwise rotating
vortices. The white patches contain high positive
vorticity and correspond to the location of coun-
ter-clockwise rotating vortices.

As previously discussed, a shallow region ex-
ists in Case 2 between cross-sections A and C
along the KR inner bank (see Fig. 1b). The flow
depth is less than 0.1D over this submerged bar
and thus the bar intersects the horizontal plane of
vorticity contours (Fig. 2B). The bar changes the
flow pattern dramatically compared to Case 1. As
the flow from the CS tributary reaches the sub-
merged bar, it forms relatively strong shear layers
on both sides of this feature.

In Case 1, a shear layer marked by positive
vorticity forms close to the CS side near the
downstream junction corner (section Al) and ex-
tends outward into the main flow. The develop-
ment of this shear layer is related to the abrupt
change in alignment of the curved bank. Similar
shear layers develop at the inner bank in open
channel bends of high curvature (Zeng et al.,
2008). In Case 2, the effect of the submerged bar
shifts this shear layer close to the channel bank.
The shear layer detaches from the inner (CS) bank
of the downstream channel and diverges around
the bar between sections A and C, with the
strongest limb on the left side of the submerged
bar. Thus, as opposed to Case 1 in which the near-

Figure 2. Visualization of the vortical structure of the flow in a horizontal plane situated 0.1D below the
free surface using non-dimensionalout-of-plane (vertical) vorticity contours. (a) Case 1, (b) Case2.
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bank shear layer extends outward to interact with
the downstream part of the ML (around section
(), in Case 2 the inner-bank shear layer does not
affect the downstream development of the ML.
Also in Case 2, a large recirculation region forms
downstream of section C on the CS side of the
channel. Such a recirculation region is not present
in Case 1. Its formation has important conse-
quences for the mixing processes and sediment
transport and deposition in the main channel.

Another difference observed in the vorticity
distributions shown in Figs. 2a and 2b is the ab-
sence of large-scale energetic eddies on the KS
side of the channel. These eddies are generated in
Case 1 because of the presence of a submerged
block of sediment near section A3 that formed due
to bank failure. A strong mixing layer forms as
water is pushed over the top of the block of sedi-
ment. The water depth is not large enough in Case
2 to submerge the block of failed material. Thus,
the main mechanism responsible for the genera-
tion of the strong eddies close to the KS bank is
not present in Case 2.

The structure of the ML is very different in the
two cases. As shown in Fig. 2, the ML contains
only clockwise-rotating vortices in Case 2, whe-
reas an array of alternating clockwise and counter-
clockwise rotating vortices is observed in Casel.
This qualitative difference in the structure of the
ML is not a consequence of the difference in the
bathymetry in the two cases. Rather, it is directly
related to the relative differences in the mean
streamwise velocities and streamwise momentums
between the two streams.

The formation of the ML vortices in Case 2 is
mainly driven by the growth of the Kelvin-
Helmholtz instability that develops between two
streams of different velocity (vortex sheet type).
In Case 1, the formation of the ML vortices is
mainly driven by the interaction of the detached
shear layers forming on the two sides of the con-
fluence apex. The mixing layer vortices in Case 1
resemble the von Karman vortex street developing
behind a bluff body (wake type). The wake recir-
culation region is negligible in Case 2, as the
shear layers remain attached until very close to the
confluence apex. By contrast, in Case 1 the shear
layers detach some short distance upstream of the
confluence apex and the interaction of their down-
stream ends induces the alternate shedding of ed-
dies containing positive and negative vorticity,
similar to the case of flow past a bluff body. Be-
cause the mean velocity on the CS side in Case 1
is slightly larger (by about 10%) than the mean
velocity on the KS side, the clockwise-rotating
vortices are, on average, slightly stronger (e.g.,
larger circulation, more compact distribution of
the vorticity within the core of the vortex) than the
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counter-clockwise rotating ones. In Case 2, no
counter-clockwise rotating vortices are observed
over the upstream part of the mixing layer. The
white streak of negative vorticity present on the
CS side of the ML is due to the fact that the hori-
zontal plane cuts through the strong streamwise
oriented vortex forming on the CS side of the ML.
This interaction explains the formation of patches
of positive vorticity on the CS side of the ML
farther downstream (sections A-C).

The large horizontal shear present in Case 2 is
responsible for the formation of a ML of vortex
sheet type. The small horizontal shear present in
Case 1 means the vortex sheet type is still present.
However, the structure and dynamics of the shear
layers developing on both sides of the confluence
apex and the ML vortices show that the ML in
Case 1 is dominantly of wake type.

Even in cases when the difference in the mean
streamwise velocity between the two streams is
small (e.g., Case 1, see Table 1), a well defined
ML-like region forms at confluences if the angle
between the two tributaries is not equal to zero. In
these cases, the usual definition of the mixing
layer thickness as the maximum slope thickness at
a certain section will predict a negligible thickness
of the mixing layer, which is wrong. In this pa-
per, we will define the ML thickness as the width
of the region in which the ML vortices are con-
vected downstream. As expected, the width of this
region increases downstream, at least until the ML
approaches one of the banks (e.g., the KS bank in
Case 2), or it starts interacting with large-scale
eddies generated by other flow and bathymetric
features (e.g., the eddies generated by the passage
of the flow over the submerged bank block near
section A3 in Case 1). As inferred from Fig. 2, the
ML thickness at cross-section A in Case 2 is ap-
proximately half the one in Case 1. Despite the
fact that the ML is thicker in Case 1, the cohe-
rence of the clockwise rotating ML vortices is
larger in Case 2. The dominant frequency of pas-
sage of the vortices at cross-section Al is about
0.20U/D for Case 2 and 0.15U/D for Case 1. The
frequency for case 2 is nearly identical with the
frequency obtained from the field data (Rhoads
and Sukhodolov, 2008).

Compared to Case 1, where the ML remains
close to the channel centerline, the ML shifts
strongly toward the KR side in Case 2. This is ob-
viously due to the large difference in the momen-
tum ratio between the two streams and the pres-
ence of the very shallow region close to the CS
side that diverts the flow toward the opposite bank
of the downstream channel. The difference in the
mean channel depths is expected to play a rela-
tively minor role in the shift of the ML. Again the
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Figure 3. Visualization of the vortical structure of the flow using the Q-criterion; the 0=0.05(U/D)? iso-
surface is shown. (a) Case 1, (b) Case 2.
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simulation results conform with field data
(Rhoads and Sukhodolov, 2001, 2008).

3.2 Streamwise-oriented vortices

It is well known that the ML vortices drive the
momentum and mass exchange in the cross-
stream direction in a shallow mixing layer if the
tributaries are parallel (e.g., Uijttewaal and Booij,
2000). The situation changes dramatically in the
case when the angle between the two tributaries is
large and the relative difference between the mo-
mentums of the two tributaries is small. This is
because strong streamwise-oriented vortices (SVs)
form on one or both sides of the mixing layer
(Rhoads and Kenworthy, 1995; Rhoads and Suk-
hodolov, 2008). For example, Miyawaki (2009)
has shown that in Case 1 the mixing of mass in the
cross-stream direction is mainly driven by the SVs
rather than the ML vortices. If the angle between
the two tributaries is large and the relative differ-
ence between the momentums of the two tributa-
ries is also large, one expects both the ML vortic-
es and the streamwise oriented cells to play an
important role in the momentum and mass ex-
change at the confluence. Case 2 offers a good il-
lustration of this situation. The relative roles of
different types of large-scale eddies in mixing de-
pends on the exact values of the momentum ratio,
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confluence angle, orientation of the incoming
streams, channel curvature and the bathymetry in
the confluence region.

DES allows a quantitative comparison of the
position, extent and strength of the SVs. Figure 3
visualizes the position of the SVs in the mean
flow using the Q-criterion. Additionally, several
3-D ribbons were added to show the direction of
the flow within the SVs and visualize the helical
motions followed by the particles inside the SVs.

In both cases, two SVs are present on the CS
side of the ML (the one which is situated the clos-
est to the ML is denoted SVi,, the other is de-
noted SViy) and one SV is located on the KR side
of the ML (SV,u1). Consistent with the mechan-
ism responsible for the formation of the SVs
which induces a vertical flow component toward
the bed within the mixing layer (Rhoads, 1996),
the direction of the rotation of the two SV;, vor-
tices is opposite to that of SV .

Fig. 3 also shows that in Case 1 SVj, is much
stronger at all cross sections than SVi,,. This is
expected to happen in most cases, at least over the
upstream part of the ML where the two incoming
streams come in contact. The formation of the
secondary cell SVj, is directly induced by that of
the primary cell SVj,;. In Case 2, the differences
between the circulations of the two cells are much
smaller. Still, analysis of the simulation results



shows the circulation of SViy; is larger than that of
SVinx over the upstream part of the ML. Moreo-
ver, the circulation of SVj,, becomes larger than
the one of SV;, downstream of section A. The
two vortices also start exchanging vorticity. This
has obviously to do with the presence of the sub-
merged bar which diverts the flow on the CS side
toward the downstream part of the ML. This pri-
marily enhances the strength of the vortex that
first is affected by the diverted flow (SVin).
Another obvious qualitative difference between
the two cases 1s the small size of SV, in Case 2.
In Case 2, the momentum of the CS stream is
about five times that of the KR stream. This im-
balance pushes the ML toward the KR side and
creates the conditions for the formation of a
stronger SV on the CS side than on the KR side.
As a result, the SV on the low momentum (KS)
side is very weak.

Figure 4 shows the streamwise variation of the
non-dimensional circulation of SVj,; and SV 1n
the two cases. At cross-section Al situated at s =
0.66W (s is the streamwise distance measured
from the apex, W is the average width of the
downstream channel) the circulation of SVi, is
about four times that of SVy, in Case 2, while
they are almost the same in Case 1 (as shown in
Fig. 4a, -Iin1/I ou1~1 downstream of section Al).
As one moves downstream and the coherence of
SVin is gradually lost, the ratio continues to in-
crease (e.g., it is about 8 at section A). Despite the
lower discharges in both streams and lower chan-
nel depth in Case 2 (both of these variables limit
the capacity of the flow to form strong SVs), the
circulation of SVj,; in Case 2 is comparable (two
thirds at section Al) to that in Case 1. However,
the circulation of SV, in Case 2 is only one
sixth of that in Case 1.

3.3 Friction velocity

Although sediment transport was not simulated in

this numerical simulation, the bed friction velocity
distribution (see Fig. 5) is indicative of locations
where sediment entrainment is likely to occur.
The bed friction velocities in the CS stream are
comparable in the two simulations as the mean
streamwise velocities were similar. On the other
hand, the values of u,/U in the KS stream are
much larger in Case 1 because the mean velocity
was about 2.5 times larger than in Case 2. Also, in
Case 2 no region of strong amplification of u,/U is
observed at the KR bank close to section A3 be-
cause the failed bank material was not submerged.
The values of u/U over the submerged bar are al-
so small due to the shallow flow and low veloci-
ties in that portion of the confluence.

In both cases the largest values of u,/U are not
associated with the fastest incoming stream (e.g.,
on the CS side in Case 2). Downstream of the con-
fluence apex regions of high values of u,/U cor-
respond to the locations of the SVs. Though the
bed friction velocity is amplified beneath the ML,
the amplification is lower than that beneath some
of the SVs. This result shows that even for a con-
fluence with a large difference in streamwise ve-
locities and momentum fluxes between the two
incoming streams, the SVs play a primary role in
the growth of the scour hole. The importance the
SVs is related to the high angle of the confluence,
which promotes turning of the flows and the de-
velopment of vorticity. Obviously, if the conflu-
ence angle decreases and the momentum ratio in-
creases, eventually the ML vortices will induce
larger values of u/U compared to the SVs.

The maximum amplification of the bed friction
velocity is observed underneath the SVj,s in Case
2. In Case 1 the maximum amplification is ob-
served beneath the primary SV forming on both
sides of the ML. This is expected given the varia-
tion of the coherence of the various SVs between
Case 1 and Case 2 (see discussion of Fig. 4). More
interestingly, the maximum friction velocity is
about 0.15U in both cases, and the area containing

Figure 5. Distribution of the non-dimensionalbed friction velocity, /U, in the mean flow. The dashed
lines delimitate the extent of the mixing layer. (a) Case 1, (b) Case 2.
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high values of u/U is slightly larger in Case 2 de-
spite the fact that the circulation of the SVs is al-
ways larger in Case 1. The reason is that the flow
is shallower in Case 2 and the cores of the SVs are
situated closer to the bed surface.

4 CONCLUSIONS

DES simulations of flow at an asymmetric conflu-
ence were conducted to understand the effects of
the momentum ratio on the flow structure and the
capacity of the stream to entrain sediment from
the bed in the confluence hydrodynamic zone. The
simulation data were used to perform a detailed
quantitative analysis of fluid turbulence, in partic-
ular the large-scale eddies that control mass and
momentum transport in the CHZ.

The simulations demonstrate the important role
played by the streamwise-oriented cells of helical
motion in the entrainment of sediment particles
from the bed and their downstream transport at
confluences between non-parallel streams, regard-
less of the value of the momentum ratio. When the
momentum ratio is close to one, the primary
streamwise vorticies (SVs) are of comparable
strength (some differences are induced by the
asymmetry of the confluence and the relatively
high curvature of the river reach downstream of
the confluence), whereas when the momentum ra-
tio is much larger than one, the SVs on the high
momentum side of the ML are much stronger than
the ones on the low-momentum side.

Analysis of the distributions of the bed friction
velocity shows that if the momentum ratio is close
to unity, the SVs developing on both sides of the
ML are the main eddies responsible for the forma-
tion of the scour hole. As the momentum ratio be-
tween the two streams increases, the scour is
mainly driven by the primary SV forming on the
high momentum side of the confluence and by the
eddies shed in the ML. The ML eddies are much
more coherent than those observed in the case
with Mr = 1. When the momentum ratio is close to
unity, the eddies convected within the mixing
layer are similar to those forming downstream of a
bluff body —von Karman vortex street- (wake
type), whereas when the momentum ratio is much
larger than one, the formation of the quasi 2D ed-
dies is primarily driven by the velocity differential
between the two streams, which drives the growth
of Kelvin-Helmholtz instabilities (vortex sheet
type). The second type of mechanism can generate
much stronger ML eddies than the first type. The
simulation results are consistent with findings
from field investigations, which have suggested
that ML turbulent structure is related to hydrody-
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namic conditions at the confluence apex (Rhoads
and Sukhodolov, 2008).
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