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Effects of bed discordance on flow, turbulence, and mixing at an idealized
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When two streams of equal densities but of unequal velocities and different flow
directions come into contact, large-scale coherent structures are generated downstream of
the confluence apex. They include vertical vortices inside the region of high mean shear
between the fluids originating in the two tributaries [i.e., the mixing interface (MI)] and
streamwise-oriented-vortical (SOV) cells inside and in the vicinity of the MI. The flow
physics becomes even more complex when the bed elevations of the tributary channels
are not the same as that of the downstream channel. Eddy resolving simulations are
used to investigate how the gradual increase in the level of bed discordance between
the minor tributary channel and the main downstream channel affect flow, turbulence
structure, sediment entrainment mechanisms and mixing at an asymmetrical confluence
with a confluence angle of 70◦. To better isolate the effects of bed discordance, simulations
are performed with idealized conditions in which the bottom surfaces of the open channels
are horizontal except near the region where the minor tributary connects with the main
channel. The other main flow parameter that is varied is the discharge ratio between the
two streams, QR. Results show that for constant QR, the coherence of the vertical MI
vortices increases with increasing bed discordance, and the wake mode becomes gradually
dominant even though the velocity and momentum ratios are not close to unity. Increasing
the bed discordance reduces the coherence and number of SOV cells forming on the
minor tributary side of the MI and promotes the formation of a near-bed intrusion of
mixed fluid into the minor tributary side of the main channel near the confluence apex.
This is the main mechanism that is responsible for the increase in the rates of mixing
between the two streams with increasing bed discordance for constant QR. While for small
bed discordance levels, sediment entrainment inside the confluence hydrodynamic zone is
driven primarily by the SOV cells, for sufficiently large bed discordance levels and QR,
sediment entrainment on the minor tributary side is mainly driven by the plunging core of
high free surface velocities as it enters the main channel.

DOI: 10.1103/lpm8-kht7

I. INTRODUCTION

Understanding the flow structure at open channel confluences and its effect on mixing is of
particular importance for geophysical systems given that confluences play an important role in
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riverine systems and riverine ecology [1–3]. Moreover, erosion is significantly enhanced inside the
confluence hydrodynamics zone where large-scale turbulence is generated due to the interaction
between the converging flows from the two tributaries and the changes in the planform geometry
and bathymetry around the location where the two streams join [4,5]. The main parameters that
affect hydrodynamics and transport downstream of the confluence apex are the planform geometry,
the momentum and velocity ratios of the flow in the incoming tributaries upstream of the confluence
apex, the density contrast between the two streams, and the level of bed discordance between the
channel beds in the two tributaries [6,7]. The main variables describing the planform geometry are
the angles α1 and α2 between the centerlines of the two tributary channels and the centerline of the
main channel downstream of the confluence apex. Based on the values of these angles, confluences
are classified as symmetrical (α1 = α2) or asymmetrical. The confluence angle is α = α1 + α2.

A. Main types of coherent structures generated at confluences

Assuming the density difference between the incoming streams is negligible, the main types
of coherent structures generated downstream of the confluence apex include: (1) vertical vortices
inside the mixing interface (MI) region, and (2) streamwise-oriented-vortical (SOV) cells close to
the boundaries of the MI at confluences with a sufficiently large confluence angle. The MI vortices
and SOV cells play an important role in mixing as they enhance transverse turbulent diffusion and
transverse advective dispersion, respectively [8]. In most cases, the shear layers on the two sides
of the confluence apex separate and shed vortical tubes. As a result of the interactions between the
separated shear layers, a small wake, or stagnation zone, forms in the immediate vicinity of the
junction apex.

Constantinescu et al. [9,10] were the first to make the distinction between two types of MIs
that can form at concordant confluences with no density contrast. Generally, these types are a
function of the momentum ratio MR = (ρgQ2U2)/(ρgQ1U1), discharge ratio QR = Q2/Q1, and the
velocity ratio VR = U2/U1, between the two tributaries, where ρ is the density, g is the gravitational
acceleration, Q is the discharge, and U is the bulk channel velocity in the tributary. The subscripts
1 and 2 denote the variables in the major and minor tributaries, respectively. If these ratios are
much smaller or much larger than one, then the MI contains corotating vortices generated via the
Kelvin-Helmholtz (KH) instability. Similar to a standard deep mixing layer [11], the KH vortices
undergo vortex pairing. The MI is classified as being in the KH mode. However, if MR, QR, and
VR are close to unity near the junction apex, then the MI is likely to contain counterrotating vortices
whose mechanism of formation is similar to that of billow vortices forming in the wake of a bluff
body. For such cases, the MI is classified as being in the wake mode. Depending on the planform
geometry, bathymetry and flow conditions, the two modes can coexist. For such cases, the MI
contains counterrotating vertical vortices but the coherence of the vortices rotating in one direction
is significantly larger than the one of the vortices rotating in the opposite direction (e.g., Ref. [12]).
Generally, the formation of a large stagnation zone favors the presence of a strong wake mode.

The presence of the bed significantly affects the dynamics of the vertical MI vortices at large
distances from the confluence apex. As the size of their cores becomes larger than the flow depth,
the dynamics of the MI vortices is strongly influenced by the presence of the bed surface [13–15].
As opposed to a deep mixing layer, the rate of growth of the MI width decreases away from its
origin and becomes negligible once the vertical vortices start losing their coherence because of
their interaction with the bed surface [15–19]. Another important bed friction effect is that vortex
pairing ceases for MIs in the KH mode at sufficiently large distances from the confluence apex.
The suppression of vortex pairing and reduction in the coherence of the MI vortices corresponds
to the start of the transition to what is called the equilibrium regime in which the MI contains only
smaller-scale turbulence generated via stretching of the vertical MI vortices present in the near field
[19].

Vortical structures called SOV cells form at angled confluences because the two streams lose their
transverse momentum as they change their direction downstream of the confluence apex [7,20]. The
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FIG. 1. Sketch showing planform geometry of the asymmetrical confluence (α1 = 25◦, α2 = 45◦), the bed
elevations (zb1,zb2, zb3), the channel widths (b1, b2, b3), and the cross-sectional mean flow velocities (U1, U2,
U3) in the open channels. The bed discordance height for the minor tributary channel is γ D with 0 � γ � 0.5.
Also shown are the mixing interface (MI) between the two incoming streams and the SOV cells forming in the
vicinity of the MI.

free surface elevation increases inside the MI in the region where the high-velocity cores from the
two tributaries come into contact. A secondary flow is generated inside the MI along the vertical
direction. As this secondary flow reaches the bed, it is diverted away from the MI and then raises
back toward the free surface to form SOV cells [9,19,21]. Secondary corotating SOV cells may
form on one or both sides of the MI [9,10,21], similarly to secondary horseshoe vortices in junction
flows [22]. Finally, the cores of the most coherent SOV cells can be subject to aperiodic bimodal
oscillations [10,21] which explains the large erosive capacity of these vortices.

The change in the direction of the incoming streams at angled confluences may generate cells of
secondary flow on one or both sides of the MI [23]. These cells of secondary flow may increase, or
decrease, the coherence of the SOV cells, depending on their sense of rotation with respect to that
of the SOV cell. Finally, bed discordance may also induce cells of secondary flow downstream of
the confluence apex [24].

B. Proposed approach to investigate bed discordance effects

Of particular interest for natural river confluences is the case of discordant confluences with
a large difference of the flow depths in the two tributaries (i.e., larger than 15%). Discordant
confluences often form when a smaller river (i.e., generally a tributary with a smaller discharge,
flow depth, and cross section) joins a larger one. Most often, the smaller tributary makes a larger
angle (α2) with the downstream channel compared to the one (α1) between the larger tributary
and the downstream channel. In such cases, the increased three-dimensionality of the flow near the
confluence apex often induces large changes in flow patterns and the large-scale turbulent structures
which, in turn, affect mixing [25–29]. Despite many experimental (e.g., Refs. [6,24,25,27,29–35])
and several numerical studies using eddy-resolving simulations (e.g., Refs. [36–40]) conducted at
discordant confluences, there are still important knowledge gaps in terms of understanding how
increasing bed discordance affects flow, turbulence structure, and, ultimately, transport and mixing.

Given the additional complexity of the flow at natural confluences characterized by complex
bathymetry and irregular bank lines, it is suitable to reduce the number of flow variables char-
acterizing the planform geometry and bathymetry to better understand the effects associated with
varying the degree of bed discordance. This is why the present study considers a simplified planform
geometry in which two straight tributary channels of widths b1 and b2 merge into a straight channel
of width b3 (Fig. 1). The channel Froude numbers are assumed to be small such that the free surface
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is horizontal. Given that the aspect ratio of most cross sections of river channels is between 15 and
25, the width to depth ratio of the confluence channels is at least 15 for the simplified geometry
confluence.

The present paper uses a similar approach to that of Cheng and Constantinescu (21) by perform-
ing a series of numerical experiments of flow and mixing at an asymmetrical confluence (α1 = 25◦,
α = 70◦) in which the flow depth of the smaller tributary can be up to 50% smaller than those of
the larger tributary and the main channel. A constant slope ramp ending at the confluence apex
is used inside the smaller tributary to mimic the gradual change in the bed elevation observed at
many confluences where a smaller tributary joins a larger one. This type of simplified approach
was already used for concordant confluences (i.e., confluences with D1 = D2 = D3 where the
index 3 is used for the main channel variables) to study effect of planform geometry (e.g., α1,
α2, α) and velocity ratio on the structure and spatial development of the MI between parallel (i.e.,
α = 0◦, see Ref. [19]) and nonparallel incoming streams [21]. The aspect ratio of the downstream
channel was larger than 50 such that the turbulent eddies generated in the region where the banks
changed orientation did not get close to the MI. These studies provided a full picture of the spatial
development of a shallow mixing layer during the early and later stages of the transition to the
equilibrium regime. These results are relevant for the present study as a concordant confluence
corresponds to the limiting case of zero bed discordance.

C. Research gaps and objectives

Though many field studies were conducted for confluences with a high degree of bed discor-
dance, it is still not clear what is the exact effect of bed discordance on the flow structure, mixing
and entrainment. This is because natural confluences, and discordant confluences in particular, are
generally characterized by very complex bathymetries that, besides the confluence scour hole, may
contain sediment bars and other large-scale morphological features, irregular bank lines with limited
regions of high curvature, and a main channel containing regions of high curvature, as most river
channels are meandering. Most laboratory studies of flow at discordant confluences conducted with
simplified channel planform geometries (e.g., Refs. [33,41]) also considered sediment transport and
focused on flow patterns at equilibrium conditions. Relatively little quantitative information was
provided on the three-dimensional (3D) flow and turbulence structure. Numerical studies conducted
with simplified planform geometry (e.g., Ref. [36]) also focused on cases with a naturally deformed
bed but did not investigate in a systematic way bed discordance effects.

Of particular interest is to gain fundamental insight on how confluence hydrodynamics, coherent
structures and mixing respond to changes in the level of bed discordance and momentum ratio.
Maybe the most controversial topic is related to the effect of bed discordance on SOV cells given
that several field studies (e.g., Refs. [25,33,42]), and numerical studies (e.g., Refs. [36–38],) reported
no evidence of SOV cells at confluences with natural bathymetry characterized by a high degree of
bed discordance (i.e., confluences with a ratio of the flow depths in the incoming channels close
to 0.5). The main goals of the present paper are to understand how the gradual increase of the bed
elevation difference between the two tributaries affects:

(a) the structure of MI (i.e., the coherence of the vertical vortices, dominant mode) and its spatial
development away from the confluence apex (i.e., width, centerline position),

(b) the formation, position, and dynamics of SOV cells on the two sides of the MI,
(c) sediment entrainment mechanisms and the overall sediment entrainment capacity of the flow

inside the main channel,
(d) mixing and the capacity of coherent structures to enhance mixing.
Given that the effect of bed discordance is best revealed by maintaining constant the discharges

in the two tributaries and gradually increasing the bed elevation of the minor tributary away from
the confluence apex, the present paper also investigates if the effect of the bed discordance on the
aforementioned flow phenomena and coherent structures is qualitatively similar at confluences with
two different values of QR, or equivalently, two different values of the momentum ratio at the
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confluence apex, MRapex, calculated with the cross-section-averaged velocities near the confluence
apex, where the flow depths in the three channels are always equal.

II. TEST CASES AND NUMERICAL METHOD

Given that the focus of this paper is on the case when a small tributary joins a large river
(i.e., Q2 < Q1), it is of interest to consider a simplified geometry where the main geometrical
parameters (e.g., widths b1, b2 and b3 and flow depths D1, D2, D3 of the channels forming the
confluence, confluence angles α1 and α2) and associated flow conditions (e.g., discharge ratio) are
representative of such situations. Given that eddy resolving simulations require large amounts of
computational resources, the number of test cases that can be considered is limited and exploring all
combinations in terms of the main geometrical and flow variables controlling flow and mixing at the
confluence is not possible. Following the work of Refs. [43, 44], optimality concepts can be applied
to determine the appropriate combinations of the main flow and geometrical variables that represent
a wide range of natural conditions at discordant confluences between a larger and a smaller tributary.
The concepts relay on minimization of the stream power and on the relation between the channel
width, b, and the formative discharge, Q (i.e., b ∼ Q1/2) in natural open channels. These concepts
allow determining the angles between the two tributary channels and the downstream channel as
a function of the discharge ratio (i.e., cos(α1) = (1 + Q2/Q1)β and cos(α2) = (1 + Q1/Q2)β). The
range of the exponent β varies from −0.2 to −1.0 [43], but values at most natural confluences are
generally close to −0.3. So, as Q2/Q1 decreases, α2 increases and α1 decreases, meaning the main
tributary becomes more aligned with the main channel. Moreover, the confluence angle α = α1 + α2

is related to the degree of asymmetry of the confluence. Assuming β = −0.3, α decreases from 60◦
for Q2/Q1 = 1, which also implies b2/b1 = 1 and a width of the downstream channel b3 ≈ 1.4b1

(symmetric confluence), to 90◦ for Q2/Q1 � 1 (highly asymmetric confluence), which also implies
α1 ≈ 0◦, α2 ≈ 90◦, b3 = b1, and b1/b2 = (Q1/Q2)1/2. Most confluences will be asymmetric with
intermediate configurations and discharge ratios. A value of Q2/Q1 = 0.4 is close to typical values
at many natural confluences. In this case, α1 ≈ 25◦, α2 ≈ 45◦, b2 ≈ 0.63b1, b3 ≈ 1.15b1 and
MRapex ≈ 0.22. As explained below, simulations were performed with two different values of
MRapex. The main geometrical dimensions of the confluence in the simulations were α1 = 25◦,
α2 = 45◦, α = 70◦, b3 = 25 D, b1 = 22.7 D, and b2 = 0.65b1 = 14.8 D.

Field studies typically reported maximum bed slope values of about 25◦ in the region where the
minor tributary connects to the main channel [32]. Assuming a maximum discordance height of
50% of the flow depth in the main channel, the length of the constant length ramp introduced at
the downstream end of the minor tributary is close to 1.2D3. In the present study D1 = D3 = D
and 0.5D � D2 � D, where D = D3 is generally used as the length scale when analyzing results in
nondimensional form. As the beds of the three channels are horizontal except for the ramp region,
and the free surface is also horizontal, the elevation of bed inside the major tributary and the main
channel is zb = 0, while that of the free surface is zFS = D. The bed elevation inside the minor
tributary away from the ramp, zb2, varies between 0.0D (concordant bed cases) and 0.5D (Table I).
For all cases, the variation in the bed elevation inside the minor tributary is such that the flow depth
reaches D at the downstream section of the minor tributary (i.e., at the confluence apex). The lateral
walls of the channels are vertical. The two bank lines contain a low curvature region (R = 27 D)
connecting the straight parts (Fig. 1). The distance from the confluence apex to the downstream
section is 200D. The lengths of the tributary channels are close to 40D. The cross section containing
the apex corresponds to x/D = 25. The left and right banks of the downstream channel are defined
with respect to the direction of the flow.

The effects of varying the bed discordance level are investigated in two series of simulations
conducted with constant values of the discharges in the two tributaries. The values of Q1 and Q2

are different in the two series of simulations, but the main channel discharge, Q3, and bulk velocity,
U3 = Q3/(b3D), are the same. As a result, the discharge ratio, QR, or equivalently the momentum
ratio near the confluence apex, MRapex, are fixed in each series of simulations. The first series
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TABLE I. Main flow and geometrical parameters in the test cases.

Case 1 Case 2 Case 3 Case 4 Case 5

zb2/D 0 0.25 0.5 0 0.5
zFS/D 1 1 1 1 1
QR 0.36 0.36 0.36 0.57 0.57
VR 0.55 0.74 1.1 0.88 1.75
MR 0.2 0.27 0.4 0.5 1.0
V Rapex 0.55 0.55 0.55 0.88 0.88
MRapex 0.2 0.2 0.2 0.5 0.5

of simulations are conducted with QR = 0.36, MRapex = 0.2, and zb2/D = 0, 0.25, and 0.5. The
second series of simulations are conducted with QR = 0.57, MRapex = 0.5, and zb2/D = 0 and 0.5.
Also included in Table I is the velocity ratio calculated with the mean cross-sectional velocity at
the downstream end of the two tributaries, V Rapex. The mean velocity inside the main channel, U3,
which is the same in all cases, is chosen as the velocity scale (i.e., U = U3).

The Reynolds number, Re = UD/ν (ν is the kinematic viscosity) is equal to 12 000, which is
sufficient to ensure that the channel Reynolds numbers in the two tributaries are at least 6000. The
Reynolds number is very close to the value (Re = 15 000) used in the simulations of Refs. [19,21].
Assuming D = 0.08 m and U = 0.15 m/s, the Froude number is close to 0.17. One difference with
the aforementioned studies is the smallest aspect ratio of the confluence channels. In particular, the
aspect ratio of the main channel in the concordant bed simulations of Cheng and Constantinescu
[21] was close to 50D, which is much larger than typical values for natural streams. This was done
to allow studying the spatial development and structure of a MI over large distances without any
disturbances induced by flow features (e.g., shear layers) and eddies generated at the banks. Given
that the aspect ratios of the confluence channels in the present simulations are within the range of
values observed at natural confluences, such interactions are expected to be present.

The simulations are performed using the delayed version of detached eddy simulation (DES)
which is a large-eddy-simulation (LES)-based technique largely used for river engineering applica-
tions [45]. DES is often described as a hybrid method blending Reynolds-averaged Navier Stokes
(RANS) with LES. This is because the turbulence length scale in DES is modified such that the
turbulence length scale away from solid surfaces becomes proportional with the local grid spacing,
as in classical LES. The numerical approach is the same as the one used in the related studies
conducted by Cheng and Constantinescu [19,21] for concordant confluences. The Spalart-Allmaras
(SA) model is used as the base RANS model [46]. The incompressible Navier-Stokes equations
are integrated using a fully implicit, fractional-step method. An advection-diffusion equation is
solved for the passive scalar used to track the mixing between the two streams. The molecular
Prandtl number is equal to 6. The DES eddy viscosity is used to estimate the eddy diffusivity
assuming a unity turbulent Prandtl number. The governing equations are formulated in generalized
curvilinear coordinates on a nonstaggered grid. A boundary fitted mesh is used to discretize the
governing equations. The convective terms in the momentum equations are discretized using a blend
between the fifth-order-accurate, upwind-biased scheme and the second-order central scheme. All
the other terms in the momentum and pressure-Poisson equations are approximated using second-
order central differences. The discrete momentum (predictor step), scalar transport and turbulence
model equations are integrated in pseudo-time using the alternate direction implicit approximate
factorization scheme. Time integration is done using a double time-stepping algorithm. The time
discretization is second-order accurate. The code is parallelized using message-passing interface.

The present model was extensively validated to predict flow and mixing at confluences with
simplified and naturally deformed bathymetry. In the case of a zero-angle concordant confluence
between two streams of different velocities but of same density, Cheng and Constantinescu [19]
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found very good agreement between the numerical predictions and the experimental data for the
shallow mixing layer forming in a wide, constant-depth channel. The extensive measurements of
velocity, mean temperature and turbulent kinetic energy performed at a small concordant confluence
by Refs. [42,47] were used to validate the solver for high angle confluences with negligible density
contrast between the incoming streams (see Refs. [9,10,48]). For discordant bed confluences,
comparison of predicted flow patterns with those observed in laboratory experiments is discussed
by Guillem-Ludena et al. [36]. Validation of the passive scalar transport module of the code is
discussed by Chang et al. [49].

In the present simulations, the bed and sidewall surfaces of the confluence channels were
modelled as no-slip, smooth walls. Given that this study focuses on low Froude number confluent
flows, the free surface was modeled as a shear-free, rigid-lid boundary as in the related numerical
investigations of Constantinescu et al. [19,21]. Precursor simulations were used to calculate the fully
developed turbulent flow at the two inlet sections of the tributary channels. A convective boundary
condition was used at the outlet for all variables. This type of exit boundary condition is commonly
used for both DES and LES simulations [46]. A unity value of the scalar concentration, C, was
specified at the inlet of the major tributary, while C was set equal to zero at the inlet of the minor
tributary. The normal gradient of C was set to zero at the free surface and at the wall boundaries.
The molecular Schmidt number was equal to one.

The mesh topology and level of mesh refinement were very similar to those used in the con-
cordant confluence simulations performed by Cheng and Constantinescu [19] at similar Reynolds
numbers. Each horizontal plane contained close to 0.7 million grid points, while 36 points were
used in between the channel bed and the free surface. For all solid surfaces, the grid spacing in the
wall normal direction corresponded to around one wall unit such that the use of wall functions was
avoided. Near the free surface, the vertical grid spacing was close to 0.03D corresponding to about
18 wall units. The average cell size in the horizontal directions was close to 100 wall units. The time
step was 0.005D/U. Results are discussed after the numerical solutions became statistically steady,
around 800D/U after the start of the simulations. Statistics were calculated over the next 1000D/U.

III. DYNAMICS OF COHERENT STRUCTURES INSIDE AND AROUND
THE MIXING INTERFACE

A. Mixing interface

In all simulations conducted with QR = 0.36, the momentum ratio is less than 0.4. This would
suggest that the MI is in the KH mode in these cases. However, analysis of the vertical vorticity
fields in Figs. 2(a)–2(c) shows that this is not exactly the case. Though the MI contains only patches
of vorticity of the same sign in the concordant bed simulation (Case 1), the KH mode is weak
with large corotating vortices forming only far from the confluence apex [i.e., for x/D > 65, see
Fig. 2(a)]. The upstream part of the MI resembles more to a disturbed vorticity sheet containing
elongated patches of vorticity aligned with the streamwise direction. The fact that the KH mode is
weak is due to the strong acceleration of the flow from the minor tributary as it changes direction
downstream of the confluence apex and to the formation of a high-vorticity shear layer at the left
bank that constrains the flow originating in the minor tributary and further accelerates it as it moves
into the main channel. The strength of the KH mode is directly proportional to the mean shear across
the MI. Though the velocity ratio calculated with the bulk velocities in the two tributaries is much
less than one (i.e., VR = 0.55), its values calculated at streamwise locations situated downstream
of the confluence apex (i.e., x/D > 25) are much closer to unity. This explains the relative weakness
of the KH mode even though MR and QR are not close to one.

Results for Case 2 [Fig. 2(b)] show that for a moderate level of the bed discordance (i.e.,
zb2/D = 0.25 D), both the KH mode and wake mode are present as the MI contains vertical vortices
with positive and negative vertical vorticity inside their cores, but the circulation of the vortices
containing positive vertical vorticity is larger. The presence of the wake mode is facilitated by the
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FIG. 2. Instantaneous vertical vorticity, ωzD/U close to the free surface (z/D = 0.9). (a) Case 1; (b) Case
2; (c) Case 3; (d) Case 4; (e) Case 5.

formation of a stagnation zone (i.e., small recirculation zone starting at the confluence apex that is
bordered by the separated shear layers on the two sides of the confluence apex) in all cases. What is
also interesting is that at a given distance from the confluence apex, the circulation of the MI vortices
is, on average, larger in Case 2 compared to Case 1. As the bed discordance is further increased
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to 0.5D in Case 3, the wake mode becomes dominant [Fig. 2(c)]. The separated shear layers are
characterized by strong interactions that lead to the formation of highly coherent counterrotating
vortices starting near the confluence apex.

So, in the simulations conducted with QR = 0.36, the increase of the bed discordance strengthens
the wake mode and weakens the KH mode. This is also true for the simulations conducted with
QR = 0.57 where the wake mode is clearly the dominant one in Case 5 [Fig. 2(e)], while being
absent in the corresponding concordant bed simulation [Case 4, Fig. 2(d)]. What is interesting is
that the MI does not contain strongly coherent vertical vortices in Case 4 where the KH mode is
weak even though MR = 0.5 and QR = 0.57. Though a stagnation zone also forms in Case 4, the
separated shear layers on the two sides of the confluence apex are close to steady and no vortices
are shed.

The other main feature of the vertical vorticity fields in Fig. 2 is the presence of strong shear
layers forming at the two banks in the region where the bank lines are curved. These shear layers
separate the core of high velocities associated with the tributary from much slower fluid moving
close to the banks. In some cases, flow separation is observed in between the shear layer and the
corresponding bank line. Both separated shear layers penetrate until the MI, with the one originating
at the left bank (minor tributary side) reaching the MI first (Fig. 2). In particular, strong interactions
are present between the MI vortices and the eddies shed from the downstream end of this shear layer.
Such interactions are commonly observed at natural river confluences (e.g., Refs. [9,10]). These
interactions together with the smaller-scale turbulence generated between the MI and the left bank,
downstream of the location where the shear layer reaches the MI, induce strong stretching of the ver-
tical vortices generated over the upstream part of the MI. For the most part, these vortices lose their
coherence around x/D = 100. The main effect of increasing the bed discordance is to reduce the
streamwise distance where the shear layers originating at the banks reach the MI. For example, the
left side shear layer starts interacting with the MI vortices around x/D = 75 in Case 1 and x/D = 55
in Case 3. A similar effect is observed in the QR = 0.57 simulations where the shear layer reaches
the MI around x/D = 80 in Case 4 and x/D = 55 in Case 5. This also means that the capacity of
the shear layer to disturb the MI eddies increases monotonically with the bed discordance.

B. Vortices beneath the free surface

Similar to the simulations conducted by Cheng and Constantinescu [21] for symmetric and
asymmetric concordant confluences in very wide channels, SOV cells are generated on both sides
of the MI in all five cases. The SOV cells forming on the right and left side of the MI are denoted
RSV and LSF, respectively and the index 1 is used to denote the SOV cells situated the closest to the
MI. In Case 1 and Case 4, highly coherent bottom attached vortices (BAV) are induced on the left
side of the confluence due to the interaction of the neighboring SOV cells with the bottom boundary
layer. The BAV vortex rotates in the opposite direction compared to the corotating SOV cells. These
vortices are visualized in an instantaneous flow field in Fig. 3 for Case 1 and Case 3. Besides the
SOV cells, the Q criterion [50] reveals the presence of a number of streamwise-oriented vortices
in the region situated between the bank and the shear layer forming at the same bank. The bank
vortices are denoted BV in Fig. 3. These vortices are not SOV cells, as their formation mechanism
is different. Such vortices are also observed to form at the inner bank of curved open channels where
bank curvature is sufficiently high for a shear layer to form away from the inner wall [51].

Examination of multiple instantaneous flow fields shows that strong interactions take place
between the SOV cells situated in the immediate vicinity of the MI and the vertical MI vortices
regardless of the bed discordance level. For example, such interactions take place in Case 1 between
the MI vortices and the core of RSV1 until x/D = 60 and between the MI vortices and the core of
RSV2 for x/D > 80. Similar interactions are observed on the left side, where LSV1 interacts with
the MI vortices. A bottom attached vortex, BAV1, forms in between the cores of LSV1 and LSV2
[Fig. 3(a)]. Once an SOV cell interacts with MI vortices, its core assumes an undulatory/helicoidal
shape in the instantaneous flow fields. The downstream part of the core of the SOV cell breaks
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FIG. 3. Coherent structures and bed shear stress distribution in an instantaneous flow field. (a) Case 1; (b)
Case 3. A Q isosurface is used to visualize the coherent structures. The red arrows point toward some of the
vertical MI vortices.

into multiple elongated eddies, due to the local interactions with the vertical MI vortices. At the
same time, the interactions between the SOV cells and the MI vortices lead to severe stretching
of the vertical MI vortices. As these vortices lose their coherence, they break into smaller, highly
three-dimensional eddies which can be observed in the vorticity fields in Fig. 2 for x/D > 100. On
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FIG. 4. Streamwise vorticity, ωxD/U in the x/D = 50 cross section. (a) Case 1; (b) Case 2; (c) Case 3. The
vertical lines denote the approximate boundaries of the MI. The cores of the streamwise vortices are visualized
using a Q isosurface. LB and RB denote the right bank and left bank, respectively.

the left side of the main confluence channel, interactions also take place between the core of the
main bank vortex BV1 and the SOV cells (i.e., LSV2 and LSV3) situated next to it. As observed
from Fig. 3, the BV vortices induce a very small amplification of the instantaneous bed shear stress.
This is very different from what is observed for the SOV cells. The largest bed shear stresses are
induced beneath the cores of these cells.

The presence of a large bed discordance influences the number and the coherence of the SOV
cells forming on both sides of the MI. The changes are mostly of a quantitative nature on the right
side of the MI with two, rather than three, SOV cells forming on the right side of the MI in Case 3
[Fig. 3(b)] compared to Case 1 [Fig. 3(a)]. The regions of largest shear stress amplification on the
right side of the main confluence channel in Case 3 are still situated beneath the cores of RSV1 and
RSV2. Major qualitative changes between Case 1 and Case 3 are observed on the left side of the MI.
In Case 3, the flow inside the minor tributary separates as it moves over the ramp. This generates
lots of smaller eddies in the region where the minor tributary joins the main channel. Moreover, the
plunging flow induces large bed shear stresses as it reaches the bed and then accelerates due to the
presence of the separated shear layer at the left bank. SOV cells still form on the left side of the
MI in Case 3, but the SOV cell, LSV1, extends only up to x/D = 60. The much larger and more
uniform region of high bed shear stress present on the left side of the main channel in Case 3 is not
induced by SOV cells but rather by the core of high velocities originating in the minor tributary.

The streamwise vorticity plots in Fig. 4 visualize the cores of the main streamwise oriented
vortices forming inside the main channel. In the concordant bed cases [e.g., see Fig. 4(a) for Case
1], strong SOV cells are generated on both sides of the MI. Consistent with previous investigations
(e.g., Refs. [9,10,21]), the cores of the SOV cells are fairly circular and extend until close to the
free surface. Strong interactions are observed between the main SOVs on each side of the MI (e.g.,
between RSV1 and RSV2 and between LSV1 and LSV2). The BAV1 vortex present in between
LSV1 and LSV2 sometimes disappears in the instantaneous flow fields as the cores of LSV1 and
LSV2 merge. A much smaller bottom-attached vortex is present on the right side of the MI in Case
1 [Fig. 4(a)], but that vortex remains embedded inside the bottom boundary layer.

The main effect of increasing the bed discordance of the minor tributary is to reduce the number
of SOV cells on both sides of the MI and to suppress the formation of the BAV vortices (Fig. 4).
Meanwhile, the circulation of the main SOV cell forming on the right side of the main channel (i.e.,
RSV1) increases with increasing bed discordance. On the left side of the confluence, the large region
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FIG. 5. Nondimensional frequency power spectra of velocity fluctuations at locations situated inside the
MI and close to the free surface (z/D = 0.9). (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 5. Locations of points
is shown in Fig. 2.

containing positive streamwise vorticity penetrating until close to the bank is mostly associated with
a secondary flow cell inside which some weaker SOV cells and BAV vortices are present.

C. Frequency power spectra inside the MI

The spectral content of the MI region is analyzed in Fig. 5 that contains frequency power spectra
of the spanwise velocity fluctuations near the free surface at different streamwise locations shown
in Fig. 2. The horizontal axis shows the Strouhal number, St = f D/U , where f is the frequency. The
cut-off frequency for the spectra shown in Fig. 5 corresponds to a Strouhal number between 5 and
10. The instantaneous flow fields at different times (not shown) are used to connect the dynamics of
the coherent structures with the energetic frequencies in these power spectra.

For Case 1, where the KH mode dominates, the most energetic frequency at locations situated
between 15D from the confluence apex and the region (60 < x/D < 70) where the left-bank shear
layer starts interacting with the MI eddies corresponds to St = 0.07–0.09 [e.g., see power spectrum
for point P1 in Fig. 5(a)]. This range of frequencies corresponds to the dominant passage frequency
of the KH vortices. The vortex passage frequency does not decrease with increasing distance from
the confluence apex. This means that no merging takes place between neighboring KH vortices,
which is different from what was observed by Cheng and Constantinescu [21] at other wide
concordant bed confluences and for similar VR values. The absence of vortex pairing over the
upstream part of the MI in Case 1 is due to the weak KH mode. Once the KH eddies oriented
along the streamwise direction have developed into larger vortices, the KH eddies start interacting
with eddies forming over the downstream part of the shear layer originating at the left bank. In
Case 1, the MI does not acquire an undulatory shape associated with the start of the transition to
the equilibrium regime when pairing of KH vortices is suppressed by bed friction effects. This is
an important difference with the simulations of Cheng and Constantinescu [21] performed in very
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wide channels where the bank shear layers did not reach the MI and the most energetic frequency in
the frequency power spectra at locations where vortex pairing was suppressed was associated with
the undulatory motions of the MI.

Frequency power spectra for Case 1 at streamwise locations where the KH vortices did not lose
their coherence [i.e., 80 < x/D < 100, see power spectrum at P2 in Fig. 5(a)] still contain a range of
energetic frequencies for St = 0.07–0.09. However, a second range of energetic frequencies (0.01 <

St < 0.03) is present. These frequencies are associated with the lateral oscillations of the SOV
cells that strongly disturb the KH vortices when the core of one of the SOV cells moves toward
the MI centerline. Power spectra at locations close to x/D = 180 [e.g., see power spectrum at P3
in Fig. 5(a)], where the shear layer originating at the right bank starts interacting with the MI,
still show a fairly energetic frequency around St = 0.07 even though the KH vortices are severely
stretched and cannot be clearly distinguished from the surrounding 3D energetic eddies [Fig. 2(a)].
The secondary peak near St = 0.025 is associated with the eddies detaching from the right bank
shear layer [Fig. 2(a)]. In the other concordant bed simulation (Case 4), the coherence of the MI
eddies is very small and the peaks in the velocity power spectra are mostly associated with the
lateral oscillations of the SOV cells. For brevity, results are not included.

In Case 2 (zb2 = 0.25 D), the KH mode becomes stronger, and a weak wake mode is present
inside the MI [Fig. 2(b)]. Power spectra at locations situated in between the end of the stagnation
zone and the region (65 < x/D < 80) where the left-bank shear layer reaches the MI show a very
energetic peak at St = 0.12–0.14 [e.g., see power spectrum at P4 in Fig. 5(b)] associated with the
passage of the MI vortices containing positive vertical vorticity. There is no decrease by a factor
of two of the dominant frequency, consistent with observations of the instantaneous vorticity fields
that show that no vortex pairing takes place between corotating vortices. For 100 < x/D < 130, the
well-defined peak is replaced by a range of energetic frequencies corresponding to 0.12 < St < 0.18
[e.g., see power spectrum at point P5 in Fig. 5(b)] as the vertical MI vortices interact with the shear
layer eddies and the SOV cells. This is mainly because some of the streaks of positive vorticity from
the shear layer merge with corotating MI vortices, while others penetrate in between two corotating
MI vortices and are then advected downstream without trying to merge with the MI vortices.

For the highest value of the bed discordance (i.e., zb2 = 0.5 D in Case 3), the wake mode is
dominant, and the MI contains more coherent vortices. The passage frequency of these counter-
rotating vortices corresponds to St = 0.14. The left bank shear layers sheds very energetic eddies
which explains the large peak at St = 0.19 in the power spectrum at point P6 in Fig. 5(c). As fir
Case 2, some of the shear layer eddies merge with corotating MI vortices, while others move in
between two MI vortices. This explains the presence of a secondary peak around St = 0.28 in the
power spectrum at point P7 in Fig. 5(c). No well-defined peaks are observed in the power spectra
for x/D > 120, which indicates that many of the vertical vortices forming in the upstream part
of the MI, or originating inside the left bank shear layer, lost their coherence, consistent with the
instantaneous vertical vorticity patterns in Fig. 2(c).

The other simulation (i.e., Case 5) conducted with a bed discordance of 0.5D shows that the
dominant frequency associated with the passage of vertical vortices inside the upstream part of the
MI corresponds to St = 0.17 [e.g., see power spectrum at point P8 in Fig. 5(d)]. So, the increase in
QR increases the passage frequency of the wake mode vortices before they start interacting with the
left-bank shear layer around x/D = 60. As opposed to Case 3, the more coherent wake-mode MI
vortices in Case 5 contain negative vorticity rather than positive vorticity. As the shear layer eddies
contain positive vorticity, the energy of the MI vortices containing negative vorticity is strongly
damped for x/D > 80 [see also Fig. 2(e)]. As for Case 3, the shedding frequency of the shear layer
eddies is close to St = 0.19, which explains the large peak present in the power spectrum at point
P8 in Fig. 5(d). The lower frequencies in the same power spectrum (i.e., St ≈ 0.06) are induced
by interactions between the MI vortices and the SOV cells. The smaller peak around St = 0.1
corresponds to cases when two corotating vortices containing negative vertical vorticity are slowed
down by a large shear-layer eddy penetrating inside the MI followed by merging between these
weaker MI vortices. Further downstream (i.e., 100 < x/D < 130), the frequency power spectra in
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Case 5 do not contain any clear dominant frequencies, as the larger-scale eddies lost most of their
coherence [Fig. 2(e)].

D. Mixing

The advection of vertical vortices inside the MI is one of the main mixing mechanisms between
the fluids originating in the two incoming streams. Mixing takes place primarily by engulfing mostly
unmixed fluid from one of the two streams into the MI. The mechanism is essentially the same
regardless of which mode dominates inside the MI. The capacity of the vertical vortices to mix fluid
scales with the circulation and size of these vortices, as can be seen by comparing the instantaneous
distributions of the scalar concentration in a plane, z/D = 0.9, close to the free surface in Case 1
[Figs. 2(a) and 6(a)] and Case 3 [Figs. 2(c) and 6(b)]. As discussed in Sec. III A, the formation
of strongly coherent counterrotating vortices starting at the back of the stagnation zone in the
discordant bed simulation [Fig. 2(c)] is responsible for the strong deformation of the interface in
Case 3 [Fig. 6(b)]. By comparison, little mixing occurs near the free surface in Case 1, where a
weak KH mode is present, and the circulation of the corotating vortices remains low until x/D ≈ 50
[Fig. 2(a)]. Moreover, this mixing mechanism weakens significantly in Case 1 as the bed surface
is approached [see distribution of C in the �z/D = 0.15 plane in Fig. 6(a)] due to the near bed
stretching of the lower parts of the cores of the KH vortices. By contrast, the interface deformations
near the channel bed in Case 3 [Fig. 6(b)] remain comparable with those observed near the free
surface until the MI vortices start being severely stretched by energetic 3D eddies around x/D = 100
[Fig. 2(c)]. So, the effect of increasing the bed discordance on mixing driven by the vertical MI
vortices is a function on whether, or not, it results in the strengthening of one of the two modes such
that high-circulation, larger vortices are generated starting close to the confluence apex.

As for the simulations conducted at angled confluences with a concordant bed by Cheng and
Constantinescu [21], the width of the region containing mixed fluid is larger near the bed compared
to near the free surface starting some distance from the confluence apex [e.g., see Fig. 6(a) for Case
1]. This is a direct consequence of the formation of strongly coherent SOV cells on both sides of
the MI and of the lateral oscillations of their cores. Analysis of the instantaneous flow fields show
that when the SOV cell moves inside the MI and part of its core directly interacts with a vertical
vortex [Fig. 3(a)], the SOV cell extracts some of the mixed fluid advected inside the core of the MI
vortex and then pushes this mixed fluid toward the channel bank. As a result, the MI widens near
the channel bed.

The widening of the region containing mixed fluid near the bed is much stronger in the discordant
bed cases. The mixing mechanism is different from the one discusses for concordant cases, with
the SOV cells on the channel side containing the bed discordance playing a secondary role. In
the discordant bed cases, the growth of the region of mixed fluid near the bed is mainly due to
the increased flow three dimensionality near the confluence apex that is proportional to the bed
discordance height. One should note that this strong widening of the region of mixed fluid near the
bed is not dependent on the presence of a sharp transition in the channel bed elevation as in the cases
investigated in the present paper the transition in the bed elevation is very gradual. As exemplified in
Fig. 6(b) for Case 3, the presence of the bed discordance results in mixed fluid from the stagnation
zone being advected out of it into the minor tributary side of the main channel.

As opposed to the concordant bed cases, the mean velocity inside the upstream part of the MI
has a strong component oriented toward the bank line on the side of the main channel where the bed
discordance is present [see 2D streamlines at �z/D = 0.15 in Fig. 6(b)]. This cross-stream velocity
component gradually decreases with increasing distance from the channel bed. The thickness of
the region where this component is strong scales with the bed discordance height. In particular, its
presence explains why mixed fluid is present over about half of the width of the minor tributary
channel starting at the confluence apex in Case 3 [Fig. 6(b)]. Once it penetrates on the left side of
the main channel, this mixed fluid diffuses vertically as it is advected downstream. The presence of
weak SOV cells on the minor tributary side of the main channel contributes to the increase in the
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FIG. 6. Nondimensional concentration field, C, in the instantaneous flow near the free surface (z/D = 0.9)
and near the channel bed (�z/D = 0.15). (a) Case 1; (b) Case 3. Also shown are 2D streamline patterns.

lateral width of this region. The strongly mixed fluid observed in Case 3 near the free surface close
to the left bank starting at x/D = 50 [Fig. 6(b)] is near-bed mixed fluid that is injected into the lower
part of the core of BV1 [Fig. 3(b)] and then raises toward the free surface due to the core rotation.

IV. EFFECTS OF THE BED DISCORDANCE ON THE MEAN FLOW STRUCTURE

A. Transverse shift and width of the MI

Figure 7 compares the streamwise variations of the transverse shift of the MI centerline near the
free surface, lcy, and of the MI width, δ, with respect to the confluence apex location (x/D = 25).
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FIG. 7. Shift of the MI centerline, lcy/D (left), and MI width, δ/D (right) near the free surface as a function
of the distance from the origin. The vertical dashed line shows the location of the confluence apex.

Given that in most of the simulations the MI vortices become severely stretched and lose most of
their coherence around x/D = 100, these two variables are only plotted for 25 < x/D < 100. At
a fixed x/D location, the left and right boundaries of the MI correspond to the lateral extent of
the region containing MI eddies in the instantaneous flow fields. The centerline is located halfway
between the right and left MI boundaries.

In both concordant bed cases, lcy reaches a regime characterized by a small rate of change. The
same is true for the MI width that varies little for x/D > 90 in Case 1 and Case 4. Though such a
regime characterized by a small rate of increase of δ and lcy was also observed over the downstream
part of the MI in the concordant bed simulations performed by Cheng and Constantinescu [21],
the reasons for the presence of such a regime in the present simulations are very different. In the
simulations performed in very wide channels with a MI in the KH mode, vortex pairing was the main
mechanism for the growth of δ over the upstream part of the MI. As bed friction effects gradually
led to suppression of vortex pairing, the width of the MI reached a regime characterized by a small
rate of growth, while the position of its centerline shift varied little with increasing distance from
the confluence apex. This behavior was also driven by the gradual decrease of the mean shear across
the MI with increasing x/D.

By contrast, even in the concordant bed simulation (Case 1) where the MI is in the KH mode
[Fig. 2(a)], vortex pairing is not observed. The initial growth of the MI width is driven by the change
in the orientation of the KH eddies and by the fact that these eddies become more circular as they
are advected downstream. In Case 4 [Fig. 2(d)], the MI remains very thin until it breaks due to
strong interactions with the SOV cells (x/D ≈ 65) and with the eddies detaching from the left-bank
shear layer (x/D ≈ 85). In both concordant bed simulations, the regime characterized by a small
rate of change of lcy begins immediately downstream of the location where the shear layer eddies
start interacting with the MI vortices [i.e., x/D = 65 for Case 1 and x/D = 85 for Case 4, see also
Figs. 2(a) and 2(d)]. The MI width continues to grow for some distance because of the interactions
and merging between the shear layer eddies and some of the MI vortices before reaching a regime
characterized by a small rate of growth. So, for angled asymmetric confluences with common values
of the aspect ratio of the confluence channels, the spatial development of the MI is significantly
affected by its interaction with the shear layers forming at the banks once they penetrate inside the
MI. There is no evidence of a transition to an equilibrium regime in such cases.

For both values of the discharge ratio, the effects of increasing the bed discordance on δ and
lcy are qualitatively similar. The centerline of the MI switches toward the right bank near the free
surface (Fig. 2) primarily because of the higher free-surface velocities inside the minor tributary
channel upstream of the start of the change in the bed elevation. That core of higher velocities
pushes the MI toward the right, which increases lcy. As for the concordant bed cases, the MI in the
discordant bed cases reaches a regime characterized by a close to constant value of lcy [Fig. 7(a)]. In
the QR = 0.36 simulations, the far field value of lcy decreases from −2.5D in Case 1 to about −3.0D
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in Case 2 and to −3.3D in Case 3. The increase of the relative discharge of the minor tributary pushes
the MI toward the right, which explains the larger values of |lcy| in Case 4 compared to Case 1. The
far field value of lcy in the QR = 0.57 simulations decreases from −4.4D in Case 4 (zb2 = 0 D) to
−5.8D in Case 5 (zb2 = 0.5 D).

As already discussed, the increase in bed discordance triggers the transition to a dominant wake
mode from of a weak KH mode. This explains why the MI width close to the confluence apex is
much larger in the discordant bed cases where strong counterrotating vortices are forming at the
back of the stagnation zone compared to the corresponding concordant bed cases [see Figs. 2 and
7(b)]. Meanwhile, the rates of growth of δ are higher in between the apex and the region where the
left-bank shear layer reaches the MI, as the cores of the KH vortices become more circular. If the
wake mode dominates, the lateral movement of the counterrotating MI vortices is comparatively
lower, as the cores of these vortices diffuse little until they start interacting with the left-bank shear
layer. Past of the region where the MI interacts with this shear layer, the MI width becomes close to
constant, and its value increases monotonically with increasing bed discordance height for constant
QR [Fig. 7(b)].

B. Streamwise-oriented coherent structures

Figure 8 visualizes the SOV cells and the other streamwise-oriented vortices in the mean flow
fields for the QR = 0.36 simulations. As opposed to the instantaneous flow fields (Fig. 3), the cores
of the SOV cells are fairly straight in the mean flow. This also allows us to get a clearer picture of
the main cells forming inside the main channel, their positions relative to the MI and their lengths.
Additionally, Fig. 9 compares the variation of the circulation along the cores of the main SOV cells
forming on the two sides of the MI in the five simulations. The circulation is defined as the integral
of the streamwise vorticity, ωx, inside the core of the SOV cell. A threshold value of 0.2U/D was
used to define the core of the SOV cell.

Three corotating SOV cells form on both sides of the MI with an additional counterrotating cell,
BAV1, on the left side of the MI in Case 1 [Fig. 8(a)] and Case 4. Starting at about 60D from
the confluence apex, RSV2 is the main SOV cell on the right side of the MI in Case 1. Its core
extends up to x/D = 140 in Case 1 and x/D = 130 in Case 4 [Fig. 9(a)]. The circulation of RSV2
is comparable in the two concordant bed simulations [Fig. 9(a)]. A third SOV cell, RSV3, is present
inside the main channel for x/D > 70. The coherence of this cell is relatively low in Case 1, and this
cell does not move close to the MI. On the left side of the MI, LSV1 extends only up to x/D ≈ 60,
downstream of which the more coherent cell LSV2 is situated in the vicinity of the MI. The main
effect of increasing QR from 0.36 (Case 1) to 0.57 (Case 4) is to decrease the circulation of RSV2
by about 25% and to increase the circulation of LSV2 by more than 100% [Fig. 9(a)].

The increase of the bed discordance height to 0.25D reduces the number of SOV cells forming
on the left side of the MI from three in Case 1 to two in Case 2 [Fig. 8(b)]. The circulation of
LSV2 is by about 50% larger in Case 2 compared to Case 1 [Figs. 8(a), 8(b), 9(a), and 9(b)]. On the
right side, the coherence of RSV1 increases in Case 2, while that of RSV2 decreases [Figs. 9(a) and
9(b)]. Moreover, RSV2 forms around x/D = 60 in Case 2 rather than close to the confluence apex.
The increase of the bed discordance height from 0.25D (Case 2) to 0.5D (Case 3) results in a large
increase of the coherence of LSV1 near the confluence apex, in a slight decrease of the coherence
of RSV1 and RSV2, and in the suppression of one SOV cell (i.e., LSV2) on the left side of the MI
[Figs. 8(b), 8(c), 9(b), and 9(c)]. Interestingly, the increase of QR from 0.36 to 0.57 has only a mild
effect on the coherence of the main SOV cells in the simulations conducted with a bed discordance
height of 0.5D [Fig. 9(c)].

As for other concordant, high angle confluences (e.g., Refs. [9,10,7,21]), some of the SOV cells
forming in the present simulations are subject to bimodal oscillations, which enhances their capacity
to induce mixing and sediment entrainment. The distribution of the mean pressure fluctuations
in the x/D = 30 cross section in Case 1 [Fig. 10(a)] shows the presence of two peaks inside
the cores of LSV1 and RSV1, which means that the lateral oscillations of these SOV cells are
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FIG. 8. Coherent structures in the mean flow. (a) Case 1; (b) Case 2; (c) Case 3. A Q isosurface is used to
visualize the coherent structures. Also shown are the distributions of the nondimensional streamwise vorticity
in several cross sections (x/D = 40, 50, 60, 70, and 100).
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FIG. 9. Streamwise variation of the nondimensional circulation magnitude of the main SOV cells. (a) Case
1 and Case 4; (b) Case 2; (c) Case 3 and Case 5.

bimodal [9]. As the bed discordance height increases to 0.25D, the bimodal oscillations of RSV1
are suppressed. However, the core of LSV1 is still subject to strong bimodal oscillations in the
x/D = 30 cross section [Fig. 10(b)]. As the bed discordance height is further increased to 0.5D,
the bimodal oscillations of LSV1 are totally suppressed [Fig. 10(c)]. The high mean pressure
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FIG. 10. Mean pressure fluctuations, p′ p′/(ρU 2 )2 in the x/D = 30 cross section. (a) Case 1; (b) Case 2;
(c) Case 3. LB and RB denote the right bank and left bank, respectively.

fluctuations observed in Fig. 10(c) near the region where the bed elevation changes are due to
the separated shear layer and recirculation bubble induced by the flow separating over the ramp in
Case 3.

The variation of the bed discordance height also affects the position and coherence of the vortices
forming close to the left bank. As zb2 changes from 0D in Case 1 to 0.25D in Case 2, the circulation
of BV1 increases and its core moves further away from the left bank, such that it starts merging with
LSV2 [Figs. 8(a) and 8(b)]. Increasing the bed discordance height to 0.5D decreases the length of
BV1 which penetrates only up to x/D = 80 in Case 3 [Fig. 8(c)] compared to x/D ≈ 125 in Case 2
[Fig. 8(b)].

C. Mean streamwise velocity

Besides the angles between the tributary channels and the downstream channels, the redistribu-
tion of the streamwise momentum downstream of the confluence apex is strongly affected by the
presence of streamwise-oriented vortices (e.g., SOV cells, BV vortices) and the generation of shear
layers at the banks of the main channel (see Figs. 2 and 8). As shown by the mean streamwise
velocity plots in the z/D = 0.9 plane in Fig. 11, the flow near the free surface accelerates in
the streamwise direction downstream of the confluence apex (x/D = 25) regardless of the bed
discordance level. This is due mainly to the rotation of the core of high velocity inside each tributary
as they enter the main channel. Meanwhile, regions of low streamwise velocity are present near the
free surface in the vicinity of the main shear layers originating at the left and right banks (Fig. 2).
Near the free surface, the size of the stagnation zone is not affected by the level of bed discordance
as the boundary layers remain attached to the lateral converging walls until the confluence apex
(see streamlines in Fig. 11). The main effect of increasing the bed discordance is to reduce the
streamwise momentum amplification near the entrance into the main channel on the minor tributary
side.
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FIG. 11. Nondimensional streamwise velocity, u/U, and 2D streamline patterns in the mean flow near the
free surface (z/D = 0.9) and near the channel bed (�z/D = 0.15). (a) Case 1; (b) Case 2; (c) Case 3.

Over the deeper parts of the channels, the redistribution of the streamwise momentum is mainly
controlled by the most coherent SOV cells, at least for cases with a concordant bed [e.g., see
Fig. 11(a)] and with a moderate level of bed discordance [Fig. 11(b)]. Regions of high streamwise
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velocity are induced on one of the sides of the core of each SOV cell where free surface, higher-
speed fluid is advected toward the bed by the rotational flow inside the core of each cell. This
induces the elongated regions of high streamwise velocity magnitude in the �z/D = 0.15 frames
in Fig. 11. This phenomenon is present even for cases with a high level of bed discordance (i.e.,
zb2 = 0.5 D) on the main tributary side of the main channel. By contrast, the main region of high
streamwise velocity on the minor tributary side is induced by the core of high velocity from the
minor tributary that reaches the channel bed downstream of the separation bubble forming over the
ramp (see discussion of Fig. 16 in Sec. VI).

V. TURBULENCE STATISTICS

The TKE is calculated as half of the sum of the normal Reynolds stresses in the three directions. A
strong nonuniformity of the TKE distribution in the vertical direction is observed in all simulations.
This is mainly caused by the decrease in the coherence of the MI vortices due to bed friction and
the sudden reduction of the advective velocity close to the channel bed. The other main reason for
the vertical nonuniformity of the TKE is the presence of SOV cells and other streamwise oriented
vortices.

In Case 1 [Fig. 12(a)], the largest TKE values near the free surface are observed inside the thin
region where KH vortices are forming close to the centerline of the MI. A second thin region of
high TKE is present between x/D = 75 and x/D = 90. This region is induced by the energetic
eddies separating from the left-bank shear layer [Fig. 2(a)]. The TKE is also amplified inside the
region where highly unsteady SOV cells are present. The RSV2 and RSV3 cells are subject only
to minor oscillations in the lateral direction. Near the channel bed, the passage of the KH vortices
has a relatively minor effect on the TKE and the largest amplification of the TKE in between the
confluence apex and x/D = 45 is induced by the lateral oscillations of LSV1. At larger distances
from the confluence apex, the TKE distributions near the bed and the free surface are qualitatively
similar. The streaks of high TKE present in Case 1 on the left side of the MI for x/D > 65 are
induced by the unsteadiness of the bank vortices BV1 and BV3.

The TKE distributions are qualitatively similar in the Case 3 [Fig. 12(b)] and Case 5 [Fig. 12(c)]
simulations for which the bed discordance height is 0.5D. Near the free surface, the main change
with respect to the concordant bed cases is the large amplification of the TKE inside the MI
in between the confluence apex and x/D = 90, where counterrotating MI vortices are advected
[Figs. 2(c) and 2(e)]. The thickness of this region increases with increasing QR. The peak TKE
levels inside this region are more than three times larger compared to the ones induced inside the
MI in Case 1. The other region of high TKE near the free surface in Case 3 and Case 5 corresponds
to the left-bank shear layer that generates highly energetic eddies. Bed friction and vortex stretching
reduce the coherence of the MI vortices as they move away from their formation region. For
x/D > 60, the width of the region of relatively high TKE is between 2D and 3D larger near the
bed compared to near the free surface. The main reason is the presence of the high-circulation
vortex RSV2 [Fig. 8(c)]. This quasisteady SOV cell advects near-bed fluid situated beneath its core
toward the right bank. This fluid contains highly 3D, energetic eddies.

The distributions of the time- and depth-averaged primary shear stress, 〈u′v′〉, in Cases 1, 2,
and 3 (see Fig. 13) also show that turbulence is strongly amplified by the vertical vortices shed
over the upstream part of the MI (25 < x/D < 60–75) and by the streamwise oriented vortices
(SOV cells and bank vortices that are subject to lateral oscillations) forming primarily on the minor
tributary side of the confluence. Another area of strong amplification of the primary shear stress is
in the region (60–7 < x/D < 110–125) where the MI vortices interact with the eddies shed from
the downstream part of the shear layer forming at the left bank [Figs. 2(a)–2(c)]. The main effects
of increasing the bed discordance level are the increase magnitude of 〈u′v′〉 inside the wake region,
as the wake mode becomes dominant [see also Figs. 2(a)–2(c)] and inside the shear layer forming
at the left bank that contains vortices in Case 3 [Fig. 2(c)].
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FIG. 12. Turbulent kinetic energy, k/U 2, near the free surface (z/D = 0.9) and near the bed (�z/D =
0.15). (a) Case 1; (b) Case 3; (c) Case 5.

VI. MIXING IN THE MEAN FLOW

Mixing between the fluids in the two tributaries is numerically investigated by analyzing the
mean scalar concentration fields. In all simulations, the size of the region containing mixed fluid
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FIG. 13. Time- and depth-averaged primary shear stress, 〈u′v′〉/U 2. (a) Case 1; (b) Case 2; (c) Case 3.

(e.g., fluid with a nondimensional scalar concentration 0.1 < C < 0.9) is larger near the bed
compared to near the free surface (e.g., see Fig. 14). The main reason is the presence of SOV cells
on both sides of the MI (Fig. 8). The (primary) SOV cells situated closest to the MI extract mixed
fluid inside their cores as they penetrate inside the MI during their lateral oscillations. Moreover,
due to swirl inside the SOV cell, some of the MI fluid situated in the bed vicinity is advected beneath
the core of that SOV cell toward the bank line. If secondary, corotating SOV cells are present, this
near-bed mixed fluid is pushed farther toward the bank line by the secondary cells. As the SOV
cells eventually break into smaller scale turbulence (Fig. 3), the scalar advected inside their cores is
released to the surrounding fluid.

In Case 1, where a weak KH mode is present inside the MI, the mixing between the fluids
originating in the two incoming streams is negligible in between the end of the stagnation zone
and x/D = 40–45. This is expected, given that the elongated KH eddies remain closely aligned
with the streamwise direction in this region. The cells LSV1 and RSV1, though strongly coherent
starting at the confluence apex, cannot extract mixed fluid from the MI until x/D ≈ 40. For example,
the distribution of C at x/D = 30 [Fig. 15(a)] shows only a very thin layer of mixed fluid leaving
the MI near the bed because of RSV1. Despite being subject to bimodal oscillations [Fig. 10(a)],
the cores of LSV1 and RSV1 are too far from the MI to have a major effect on mixing close to the
confluence apex. This changes around x/D = 40 where LSV1 gets close to the MI and generates
a lateral intrusion of mixed fluid beneath its core [Fig. 15(a)]. The formation of the intrusion also

053801-24



EFFECTS OF BED DISCORDANCE ON FLOW, …

FIG. 14. Nondimensional concentration field, C, and 2D streamline patterns in the mean flow near the free
surface (z/D = 0.9) and near the channel bed (�z/D = 0.15). (a) Case 1; (b) Case 2; (c) Case 3.

explains the sudden increase in the width of region containing mixed fluid near the bed, while no
noticeable change occurs near the free surface around x/D = 40 [Fig. 14(a)]. The sudden increase
of the width of the region of mixed fluid near the free surface for x/D > 45 is primarily due to
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FIG. 15. Nondimensional concentration, C, and 2D streamline patterns in the mean flow in several cross
sections. (a) Case 1; (b) Case 2; (c) Case 3. The legend is the same as in Fig. 14. Also shown are the cores of
the main SOV cells. LB and RB denote the right bank and left bank, respectively.
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LSV1 moving inside the MI and to BAV1 moving near the edge of the MI. These counterrotating
vortices advect fluid near the free surface and from there toward the left bank [see distribution of
C at x/D = 60 in Fig. 15(a)]. On the right side of the MI, RSV1 extracts some limited amount
of MI fluid close to the bed. The other mechanism for the growth of the region containing mixed
fluid is the rotation of the KH eddies and their increase in size between x/D = 55 and x/D = 75
[Fig. 2(a)]. The width of the region of mixed fluid remains close to constant near the free surface as
the KH vortices cease their growth and LSV1 and BAV1 start losing their coherence. The elongated
longitudinal region of mixed fluid present on the left side of the channel starting around x/D = 85
[see z/D = 0.15 section in Fig. 14(a)] is induced by LSV2. Moreover, RSV2 gets sufficiently close
to the MI to increase the lateral penetration of mixed fluid leaving the MI near the bed [e.g., see
x/D = 100 section in Fig. 15(a)]. Once the SOV cells disappear (i.e., for x/D > 130), the width of
the region of mixed fluid remains close to constant near the bed [Fig. 14(a)]. This is accompanied
by a gradual increase in the level of uniformity of C in the vertical direction [e.g., see x/D = 200
section in Fig. 15(a)]. The presence of 3D energetic eddies in between the MI and the left bank for
x/D > 100 [Fig. 2(a)] enhances local mixing and contributes to the vertical profile of C becoming
more uniform for x/D > 150.

In Case 2, the KH mode is stronger and highly coherent KH vortices start forming at a smaller
distance from the confluence apex, which explains the larger width of the region of mixed fluid near
the free surface [Fig. 14(b)] compared to Case 1 [Fig. 14(a)] until x/D = 40. At larger distances,
LSV1 starts interacting with the MI. The effect of LSV1 on mixing is even stronger near the bed
where it extracts mixed fluid from the MI. This SOV cell disappears by x/D = 60 [Fig. 8(b)].
However, LSV2 moves close to the MI and plays a similar role to that of LSV1 at upstream locations,
as illustrated by the distribution of C in the x/D = 60 section in Fig. 15(b). Interestingly, LSV2
does not entrain mixed fluid inside its core. Rather, LSV2 advects mixed fluid toward the left bank
beneath its core and from there toward the free surface [see x/D = 100 section in Fig. 15(b)]. By
this location, the growth of the region of mixed fluid close to the bed is not entirely driven by LSV1,
as RSV1 also generates a near-bed lateral intrusion of mixed fluid. As a result, the width of the
region of mixed fluid in Case 2 is close to two times larger near the bed compared to near the free
surface in between x/D = 80 and x/D = 120. As some of the mixed fluid advected beneath LSV2
reaches the free surface, the width of the region containing mixed fluid close to the free surface
increases suddenly around x/D = 120. As for Case 1, once the SOV cells on the left side of the
main channel disappear around x/D = 150, the interface between the unmixed fluid from the main
tributary and the region containing mixed fluid becomes closer to vertical [see x/D = 200 section
in Fig. 15(b)]. The mixing remains nonuniform on the minor tributary side [see x/D = 200 section
in Fig. 15(b)].

While the effects of the main SOV cells on mixing are qualitatively similar in Case 2 [Fig. 15(b)]
and Case 3 [Fig. 15(c)], the increase in the size of the mixing region near the bed and near the
free surface in Case 3 is driven by the near-bed intrusion of mixed fluid on the minor tributary side
[Figs. 14(b), (14c), and 16] and, to a smaller extent, by the higher-circulation vortices populating
the upstream part of the MI [Fig. 2(c)]. In particular, the near-bed region between the MI and the
ramp is fully occupied by mixed fluid in the x/D = 30 section [Fig. 15(c)]. By x/D = 40, the
intrusion of near-bed mixed fluid penetrated until about 2D from the left bank. By contrast, near
the free surface, the width of the region containing mixed fluid is comparable to the MI width until
x/D = 60 [Fig. 14(c)], as mixing is driven by the vertical MI vortices [Fig. 2(c)]. As LSV1 gets close
to the MI, it increases the extraction of mixed fluid from the MI into the near-bed intrusion [e.g.,
see x/D = 60 section in Fig. 15(c)]. Then, the counterrotating bank vortices BV1 and BV2 raise the
front of the near-bed intrusion of mixed fluid toward the free surface. This explains the formation
of a free-surface region of mixed fluid at the left bank in between x/D = 50 and x/D = 95 that is
separated from the main region of mixed fluid [see z/D = 0.9 section in Fig. 14(c)]. A near-bed
intrusion of mixed fluid is also generated on the major tributary side of the main channel first by
RSV1 (see x/D = 60 section in Fig. 15c) and then by RSV2 [see x/D = 100 section in Fig. 15(c)].
By x/D = 200, most of the fluid in between the right boundary of the MI and the left bank is well
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FIG. 16. Nondimensional concentration field, C, and 2D streamline patterns in the mean flow. (a) Case 1,
section a-a; (b) Case 2, section a-a; (c) Case 3, sections a-a, b-b, and c-c. The legend is the same as in Fig. 12.
The positions of the sections are shown in Fig. 14.

mixed in Case 3. The mixing mechanisms in Case 5 are qualitatively similar to those observed in
Case 3.

Comparison of the mixing patterns in Fig. 14 for the QR = 0.36 simulations shows that mixing
increases with increasing bed discordance. The effect is especially strong near the bed where the
size of the region of mixed fluid increases substantially even for a moderate level of bed discordance
[Figs. 14(a) and (14b)]. This effect is driven by the increase in the level of three dimensionality
of the flow that results in some of the near-bed fluid situated close to the confluence apex being
advected from the MI toward the left bank [see 2D streamline patterns in Figs. 6(b) and 11(c)].
The distribution of C in section a-a shows a near bed intrusion of mixed fluid extending from the
end of the ramp to the MI in Case 3 [Fig. 16(c)]. Such an intrusion is absent in the concordant
bed case [Fig. 16(a)]. As the level of bed discordance increases, near-bed mixed fluid from the MI
penetrates over a larger distance toward the left bank [e.g., compare C distributions in section a-a
in Figs. 16(b) and 16(c)], close to the end of the ramp. For example, close to the bed surface, the
intrusion width is about b2/3 in Case 2 [Figs. 14(b) and 17(b)] and 3b2/4 in Case 3 [Figs. 14(c)
and 17(c)]. The main reason for the formation of this intrusion of MI fluid is the presence of the
separation bubble for sufficiently high bed discordance (Fig. 16). MI fluid is advected inside the core
of this recirculation bubble and from there into the minor tributary side of the main channel. This
phenomenon is illustrated in Figs. 17(b) and 17(c) where 3D stream traces launched close to the right
lateral wall of the confluence apex move around the stagnation zone into the recirculation bubble
induced by the ramp before moving downstream inside the minor tributary side of the main channel.
By contrast, stream traces launched on either side of the confluence apex remain on the same side
of the MI in the concordant bed cases [e.g., see Fig. 17(a)]. The amount of MI fluid advected on the
minor tributary side also growth monotonically with zb2/D. Downstream of the ramp, some of this
mixed fluid starts being entrained into the SOV cells above it [e.g., see x/D = 30 section for Case
2 in Figs. 15(b) and for Case 3 in Fig. 15(c)].

Besides the mean flow coherent structures and 3D flow features near the confluence apex,
turbulence also plays a significant role in mixing the two streams. Given that downstream of the
confluence apex, the mean flow direction is aligned with the streamwise direction, the primary scalar
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FIG. 17. Three-dimensional mean-flow stream traces launched near the confluence apex. (a) Case 1; (b)
Case 2; (c) Case 3. The stream traces are colored with the elevation, z/D. The distribution of the mean
concentration, C, is shown on the bottom surfaces.
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FIG. 18. Time- and depth-averaged turbulent scalar flux, 〈C′v′〉/U . (a) Case 1; (b) Case 2; (c) Case 3.

flux is the one defined with the spanwise velocity and scalar concentration fluctuations. Figure 18
compares the time- and depth-averaged distributions of the turbulent scalar flux, 〈C′v′〉, for Cases 1,
2, and 3. The two elongated regions of high 〈C′v′〉 forming starting close to the confluence apex in
Case 1 are induced by the bimodal oscillations of LSV1 and RSV1 [see also discussion of Figs. 8(a)
and 10(a)]. As the cores of these vortices approach the centerline of the MI, they extract mixed
fluid from the cores of the vertical MI vortices. As the bed discordance increases to zb2/D = 0.25,
the bimodal oscillations of RSV1 are suppressed [Fig. 10(b)], which is why the streaks of high
〈C′v′〉 are situated on the left side of the MI in Case 2. No large amplification of 〈C′v′〉 is observed
starting near the confluence apex in Case 3 where the cores of the main SOV cells are not subject
to bimodal oscillations [see discussion of Fig. 10(c)]. Rather, large values of the turbulent scalar
flux are observed over and downstream of the ramp in Case 3 due to eddies generated in the
separated shear layer bordering the separation bubble forming downstream of the ramp [Fig. 16(c)]
and the scalar penetrating inside the separation bubble from the stagnation region [see discussion
of Fig 17(c)]. The distributions of 〈C′v′〉 are qualitatively similar downstream of the region where
the bank lines become aligned with the streamwise direction. The regions of high 〈C′v′〉 correspond
to the cores of the SOV cells and of the streamwise bank vortices (Fig. 8). Additionally, the eddies
generated inside the shear layer forming at the right bank around x/D = 60 are the reason for the
amplification of 〈C′v′〉 along the inclined streaks present on the right side of the main confluence
channel.
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FIG. 19. Streamwise variation of the nondimensional volume of mixed fluid, V. (a) V/D3, (b) V/V0(x). The
vertical dashed line shows the location of the confluence apex.

The mixing capacity of the two joining streams can be characterized in a quantitative way by
analyzing the growth of the volume of mixed fluid, V, with the distance from the confluence apex
measured along the MI centerline [Fig. 19(a)]. The variable V (x0/D) is calculated by integrating
C over all computational cells with 25 < x/D < x0/D for which 0.1 < C < 0.9. A second metrics
quantifies the streamwise variation of the percentage of mixed fluid in between the location where
the two streams come into contact (x/D = 25) and the current cross section. This metrics is simply
calculated as V (x/D)/V0(x/D) where V0 is the total volume of fluid in between the confluence apex
and the current section [Fig. 15(b)].

Consistent with the mixing patterns in Figs. 14 and 15, V increases monotonically with increasing
level of bed discordance in the three simulations performed with QR = 0.36 [Fig. 19(a)]. By
x/D = 200, the volume of mixed fluid is by about 30% larger in Case 2 (zb2/D = 0.25) compared to
Case 1 (zb2/D = 0). The difference increases to close to 90% for Case 3 (zb2/D = 0.5). The increase
of QR to 0.57 reduces the volume of mixed fluid by about 30% in the concordant bed case, as
observed from comparing results for Case 1 and Case 4 in Fig. 19(a). Similar to what was observed
for the QR = 0.36 simulations, the bed discordance increases significantly the mixing rates such
that the volumes of mixed fluid are very close in the QR = 0.36 and QR = 0.57 simulations
performed with zb2 = 0.5. So, the effect of increasing QR on mixing is stronger for discordant
confluences. Qualitatively, the trends associated with varying QR and the level of bed discordance
are the same for V (x/D)/V0(x/D) and V (x0/D). For both simulations with zb2/D = 0.5, about 18%
of the volume of water situated in between the confluence apex and x/D = 200 contains mixed fluid
[Fig. 19(b)]. The percentage reduces to about 12% (Case 2) and 10% (Case 1) in the corresponding
concordant bed simulations.

VII. BED SHEAR STRESS AND SEDIMENT ENTRAINMENT CAPACITY

This section analyses the bed shear stress magnitude in the mean flow, τ̄ , and the root mean
square of the bed shear stress magnitude, τrms, to describe how the capacity of the confluent flows
to induce bed erosion changes with increasing bed discordance and varying QR ratio. Cheng et al.
[52] have shown that for flows where unsteady, large-scale coherent structures are present or are
advected regularly in the vicinity of the bed surface, the distributions of τ̄ offer an incomplete
description of the sediment erosion capacity of the flow. So, one needs to also consider the variation
of the instantaneous bed shear stress magnitude with respect to the mean value at a given location.
This can be done by considering the probability density function (pdf) of the instantaneous bed shear
stress. However, this approach is not very practical because the pdf varies from location to location.
Rather, one can use τrms as a first order characterization of the ‘unsteadiness’ of the bed shear stress
at a given location with respect to the mean value [52,53]. A second objective is to analyze the role
played by large-scale coherent structures in promoting erosion inside the confluence hydrodynamics
zone.
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FIG. 20. Bed shear stress in the mean flow, τ̄ /ρU 2, (left frames) and rms of the bed shear stress fluctuations,
τ rms/ρU 2 (right frames). (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 5.

The magnitude of the local bed friction velocity in Fig. 20 is calculated as τ̄ /ρU 2 = 1
Re

um
U
n1
D

,

where um is the mean velocity magnitude in a plane parallel to the bed situated at a normal distance
n1 from it and n1 is smaller than the local thickness of the viscous sublayer. Figure 20 also includes
the distributions of τrms. In the case of τrms, the mean velocity magnitude is replaced by the square
root of the TKE.

Similar to the results obtained by Cheng and Constantinescu [21] for concordant confluences
between very wide channels, the largest values of τ̄ in Case 1 [Fig. 20(a)] do not occur on the
high-speed side of the MI, but rather next to the largest SOV cells, on the side where these cells
advect higher streamwise velocity fluid toward the bed. In Case 1, the sediment entrainment capacity
of the SOV cells is particularly high for RSV1, RSV2, RSV3, and LSV2 [see also Fig. 8(a)]. The
SOV cells on the higher speed side of the confluence have the largest capacity to amplify the bed
shear stress. This is consistent with findings at concordant bed confluences with natural bathymetry
[9,10]. However, the fact that an SOV cell (i.e., RHS3) forming far from the confluence apex induces
values of the bed shear stress values that are comparable to those generated by SOV cells forming
close to the confluence apex is somewhat unexpected. Though the cores of RSV1 and LSV1 are
subject to bimodal oscillations close to the confluence apex, the bed shear stresses induced by these
vortices close to the confluence apex are relatively low because the two cores are situated close to
the free surface. The cores get closer to the bed for x/D > 35. Meanwhile, the bimodal oscillations
of RSV1 and LSV1 induce large values of τrms until x/D = 40. The weak KH mode observed in
Case 1 is the main reason why the capacity of the MI vortices to increase τ̄ and τrms is relatively low.
No clear amplification of these two quantities is observed in the region where the left-bank shear
layer interacts with the MI vortices. The long streaks of high τrms in Fig. 20(a) are induced by the
lateral oscillations of the SOV cells.

Compared to the concordant bed case, increasing the bed discordance height to 0.25D affects
only quantitatively the regions of high τ̄ . In Case 2 [Fig. 20(b)], the most coherent SOV cells
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[Fig. 8(b)] on the right (RSV1, RSV2) and left side (LSV2) of the MI also contribute significantly
to the increase of τ̄ . The peak τ̄ values inside the elongated regions of high bed shear stress induced
by RSV1 and LSV2 are larger than the corresponding peak values associated with the most coherent
SOV cells in Case 1. One should also note that BV2 is also able to increase the mean bed shear stress
once its core approaches the bed around x/D = 125. In terms of the bed shear stress fluctuations, the
main qualitative change compared to Case 1 is the formation of a region of high τrms in between the
confluence apex and x/D = 50 induced by the formation and passage of more coherent KH vortices
and the lateral oscillations of LSV1.

Interestingly, further increasing the bed discordance height to 0.5D does not result in an increase
of the sediment entrainment capacity of the flow. The mechanisms responsible for the formation
of the main regions of high values of τ̄ and τrms in Case 3 [Fig. 20(c)] are essentially the same as
for Case 2, with RSV1, RSV2, and LSV1 [Fig. 8(c)] being the SOV cells with the largest sediment
entrainment capacity in Case 3. A secondary region of high τ̄ is present at the left side of LSV1
between x/D = 45 and x/D = 60. This region is induced by the core of high velocity associated
with the free surface flow upstream of the ramp that plunges toward the bed once it moves past the
separation bubble. However, this region does not compensate for the reduction of the size of the
elongated streaks of high τ̄ associated with the main SOV cell and the decrease of the peak values
of τ̄ inside these regions in Case 3 compared to Case 2. The transition from a dominant KH mode
to a dominant wake mode does not result in a noticeable increase of τrms beneath the upstream part
of the MI in Case 3 compared to Case 2.

Comparison of the distributions of τ̄ and τrms for Case 3 [Fig. 20(c)] and Case 5 [Fig. 20(d)]
show a clear increase in the sediment entrainment capacity of the flow with increasing QR (i.e.,
with a larger relative discharge in the minor tributary) for a fixed value of the bed discordance
height (i.e., zb2 = 0.5 D). The increase in QR is accompanied by an important qualitative change in
the distributions of the bed shear stress. The largest region of high τ̄ forming downstream of the
confluence apex in Case 5 is not anymore associated with one of the SOV cells, but rather with
the core of high-velocity free-surface fluid from the minor tributary reaching the main channel bed.
So, the main mechanism for sediment entrainment is totally different on the minor tributary side
of the confluence for sufficiently large values of QR. On the major tributary side, the sediment
entrainment capacity of RSV1 and RSV2 slightly increases with increasing QR, meaning with
decreasing discharge of the major tributary. This is explained by the movement of the MI toward the
right bank in Case 5, which accelerates the flow on the right side of the MI at large distances from
the confluence apex. Moreover, the strengthening of the wake mode induces a significant increase of
τrms beneath the upstream part of the MI in Case 5 compared to Case 3. By contrast, a mild decrease
of τrms is observed on both sides of the MI for x/D > 50.

To describe quantitatively the changes in the overall capacity of the confluent flows to entrain
sediment with varying bed discordance and QR, one can compare the mean (time-averaged) flux of
entrained sediment inside the main channel. The mean flux Ē is calculated using the instantaneous
bed shear stress distributions. Van Rijn [54] pick up function is used to estimate the volumetric flux
of sediment entrainment per unit time and unit area. This formula for noncohesive sediment assumes
the sediment flux is proportional to (τ − τc)1.5, where τc is the critical value for sediment entrain-
ment for a given mean particle diameter, d50 [55]. In nondimensional form, the total instantaneous
flux of sediment entrained from the bed can be expressed as

E (t ) = 1

ρ1.5U 3D2

∫
A′

(τ−τc)1.5dA′, (1)

where A′(t ) is the downstream channel bed area where τ (t, x, y) > τc. The mean flux Ē is the time
average of E (t ). Assuming τc/τ0 = 1.5, where τ0 = 0.0023ρU 2

0 is the average bed shear stress in
a straight channel with the same width as that of the main channel of the confluence and fully
developed flow at the same channel Reynolds number.
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FIG. 21. Nondimensional mean (time-averaged) total volumetric flux of entrained sediment, Ē vs bed
discordance height zb2/D. The square symbols correspond to cases with MRapex = 0.2. The circle symbols
correspond to cases with MRapex = 0.5. The blue line highlights that for constant MRapex, the volumetric flux
of entrained sediment does not increase monotonically with increasing bed discordance height.

A main finding is that for constant QR the sediment entrainment capacity of the flow does not
increase monotonically with increasing level of bed discordance (Fig. 21), which is consistent with
the trends shown by the mean bed shear stress distributions in Figs. 20(a)–20(c). The mean flux
Ē in Case 2 is more than to times higher than the values predicted for Case 1 and Case 3. The
main effect of increasing QR is to increase the bed shear stresses on the minor tributary side, which
explains the large increase of Ē with QR for constant bed discordance height (Fig. 21). In fact, in
all the QR = 0.57 simulations, the velocity ratio VR is around one, or larger than one, so the minor
tributary stream has a larger erosive capacity as it enters the confluence [e.g., compare the τ̄ /ρU 2

distributions in Figs. 20(c) and 20(d)]. For the discordant bed cases with QR = 0.57, the SOV cells
cease to be the primary contributor to the amplification of the bed shear stresses downstream of the
confluence apex.

VIII. SUMMARY AND CONCLUSIONS

The series of simulations performed as part of the present study at an asymmetrical confluence
with a planform geometry close to that expected at natural confluences between a minor tributary
and a larger river allowed investigating in a methodical way how the structure of the flow inside the
MI, the position and coherence of the SOV cells, the rate of mixing and the sediment entrainment
capacity of the flow vary with increasing bed discordance height for two different values of the
discharge ratio.

The present study showed that for concordant and discordant asymmetric confluences with typ-
ical values of the aspect ratio of the channels forming the confluence, the streamwise development
of the flow inside the MI is quite different from the one observed at angled concordant confluences
involving very wide channels where the KH mode dominates (i.e., see Ref. [21]). In the latter case,
the MI transitioned from a regime where the MI growth was driven by the merging of the vertical
vortices to an intermediary one where merging was impeded and, finally, to a near-equilibrium
regime where the MI vortices lost their coherence and only smaller-scale turbulence was present
inside the MI. By contrast, in the present concordant confluence simulations, the growth rates of the
MI over its upstream part were relatively small even when the KH mode was dominant. This low
growth rates were due to two reasons. The first one is that merging between successive KH vortices
did not occur. The second one is that the strong interactions of the left-bank shear layer with the MI
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vortices led to a very different evolution of the MI downstream of the streamwise location where the
shear layer reached the MI. For such cases, there is no transition of the MI toward an equilibrium
regime, similar to the one observed for shallow mixing layers. Though the shift of the MI centerline
and the MI width reached a regime characterized by small rates of growth, the MI still contained
strongly coherent eddies past the location where this regime started. Moreover, the main mechanism
for the loss of coherence of these eddies was not the high dissipation induced by bed friction, but
rather their interactions (i.e., stretching) with energetic 3D eddies on the minor tributary side of the
MI.

For constant discharge ratio between the incoming flows, QR, and constant total discharge in the
main channel, the increase of the bed discordance induced a gradual strengthening of the wake mode
inside the MI and a decrease of the coherence of the SOV cells forming on the minor tributary side.
The increase in the bed discordance height triggered an increase in the lateral shift and a decrease
of the width of the MI over its downstream part, and an increase of the rates of mixing in the main
channel driven by the formation of a near bed intrusion of MI fluid close to the confluence apex. Part
of this mixed, near-bed fluid moved laterally close to the downstream end of the ramp where the
flow depth in the minor tributary channel becomes the same as the flow depth in the main channel.
This near-bed fluid was then advected downstream by the flow and eventually came into contact
with the SOV cells on the minor tributary side. Once this happened, the SOV cells advected the
mixed fluid laterally toward the bank line and from there toward the free surface, a process that was
accompanied by strong mixing with the unmixed fluid from the minor tributary side of the main
channel. Analysis of the turbulent shear stresses and primary scalar flux confirmed the important
role played by both the SOV cells and the streamwise oriented vortices forming especially near the
minor tributary bank line on mixing, regardless of the level of the bed discordance. The main effect
of increasing the bed discordance was to damp the bimodal oscillations of the primary SOV cells,
which decayed their capacity to extract mixed fluid from inside the MI, and to increase mixing near
the ramp once the bed discordance level was high enough to generate a recirculation bubble.

The increase of the bed discordance led to larger velocities inside the free-surface fluid that
plunges toward the bed, downstream of the region containing the bed discordance. Present results
showed this is the main mechanism responsible for the increase in the sediment entrainment
capacity of the flow on the minor tributary side of the main channel. Meanwhile, the decrease
in the coherence of the SOV cells on the minor tributary side with increasing bed discordance
weakened the main mechanism responsible for sediment entrainment at concordant confluences.
The present simulations showed that for confluences with sufficiently small QR ratios, the sediment
erosion potential of the flow does not vary monotonically with increasing bed discordance height.
Rather, the peak value occurs for moderate levels of bed discordance. Only for sufficiently high QR
values, the sediment entrainment capacity is expected to increase monotonically with increasing bed
discordance height.

The findings of the present study strictly apply to high angle asymmetric confluences where a
small tributary joins a larger stream. The present research approach can be extended for symmetric
confluences and for small-angle confluences where bed discordance effects may be different from
those observed at the type of confluences considered in the present study. Moreover, the presence of
density contrast associated with differences in temperature and/or sediment loads in the two streams
is expected to further increase the complexity of three-dimensional effects close to the confluence
apex at discordant confluences. In particular, the lateral intrusion of MI fluid near the confluence
apex promoted by bed discordance is expected to be stronger for cases where the major tributary
contains heavier fluid, which should lead to increased mixing rates in the downstream channel. Such
phenomena will make the object of a future study.
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