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Abstract

Stratification effects induced by density differences between the incoming flows are inves-
tigated at a medium-size stream confluence with a highly discordant bed. The relatively
large temperature difference AT=4.7 °C between the main, high-discharge tributary and
the low-discharge tributary together with the relatively small velocity of the flow in the
main channel translate in a very high Richardson number, Ri=1.89, which suggests that
stratification effects have an important effect on flow hydrodynamics and thermal mix-
ing. Simulation results confirm this and show that for the case when the velocity of the
low-discharge, lower-temperature tributary is much smaller than that of the high-discharge
tributary, the denser fluid from the low-discharge tributary plunges rapidly toward the bot-
tom and the confluence apex. It then moves as a near-bed current of denser fluid across the
main-tributary side of the main channel until the opposing bank where it reaches the free
surface. It then continues to move parallel to the bank line. Meanwhile, the less-dense fluid
from the main tributary moves over the near-bed current of denser fluid into the central
part of the main channel. This induces a two-layer structure of the flow inside the upstream
part of the confluence, which explains the very different mean flow patterns near the bed
and near the free surface. Flow hydrodynamics and mixing in the Ri=1.89 simulation
are found to be very different when compared to those observed in the no-density-effects
(Ri=0) case where there is no coupling between the temperature and the momentum equa-
tions via the Boussinesq approximation. In this case, the fluid from the low-discharge tribu-
tary remains on the corresponding side of the main channel. Away from the confluence
apex, the volume of mixed fluid is several times larger in the Ri=1.89 simulation, which
demonstrates that under certain conditions two streams of unequal densities can mix much
faster compared to the case when the two streams have the same density. The large-scale
flow patterns, eddy dynamics and volume of mixed fluid in the Ri=1.89 simulation were
also found to present major differences with a case where the main, high-discharge tribu-
tary contained the lower-temperature (denser) fluid.
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1 Introduction

Besides planform geometry and momentum/velocity ratio of the incoming flows, flow
hydrodynamics, mixing and transport of matter and sediments at river confluences are a
strong function of the degree of bed discordance [1, 20, 21, 27, 28, 34, 40, 4245, 48].
When a small tributary merges with a large stream, a large bed discordance is generally
present around the confluence apex. In some cases, the flow in the shallower tributary
separates as it enters the confluence [19]. The degree of three-dimensionality of the flow
field increases significantly starting near the confluence apex [8, 11, 19, 20, 42, 45, 46]
and hydrodynamics zones with different properties are observed downstream of the conflu-
ence apex [5]. For example, Boyer et al. [6] observed strong upwelling motions from the
deeper tributary side toward the shallower tributary side inside the confluence hydrody-
namic zone. Leite-Ribeiro et al. [27-29] observed that while the near-bed flow from the
deeper tributary continues to advance with minimum change in direction inside the main
channel, the flow near the free surface is deflected by its interaction with the flow from the
shallower tributary.

As the two streams come into contact, a region where the streamwise velocity, turbu-
lence intensity and the values of the transported scalar (e.g., temperature in the case of
incoming streams with unequal temperatures) vary rapidly in the cross-stream direction
forms [24]. This region is called the mixing interface (MI) region [16]. In the case of a
small bed discordance, the MI contains counter-rotating (Kelvin—Helmholtz mode is domi-
nant for momentum and velocity ratios much larger or much smaller than one) or co-rotat-
ing (the wake mode is dominant for momentum and velocity ratios close to one) vertically-
oriented vortices [13, 15, 16]. For a sufficiently large bed discordance, the structure of the
MI can be quite different, as the vertically-oriented vortices forming close to the conflu-
ence apex may not be present in the downstream part of the confluence hydrodynamic
zone. An important type of coherent structures observed to form at concordant confluences
with a high angle between the tributaries are streamwise-oriented vortical (SOV) cells [13,
16, 19, 34]. These cells form beneath the free surface on one or both sides of the MI in the
region where the two streams collapse. As bed discordance increases, SOV cells are either
suppressed or their coherence is greatly diminished [11, 19, 27, 28]. This is very relevant
given the fact that SOV cells were found to be a main mechanism for entrainment and
transport of sediments inside the confluence hydrodynamic zone, to redistribute the stream-
wise momentum and to enhance mixing between the two streams [15-18, 49]. Thus, mix-
ing mechanisms, sediment transport and morphodynamics can be very different at conflu-
ences with a large bed discordance compared to concordant confluences [6, 20, 21, 27, 28].

Further complicating the flow hydrodynamics is the effect of density differences
between the incoming flows, which can induce strong stratification effects downstream of
the confluence apex, near which an initially vertical density interface is present if the tem-
perature, salinity and/or suspended sediment load of the incoming flows are different [7,
11, 13, 26, 30-32, 35-37]. Such conditions are common in natural river confluences, espe-
cially for those where a colder tributary containing water from the mountains merges with
the main stream [39]. Recent studies have shown that mixing mechanisms are quite differ-
ent in the presence of relatively large density difference between the incoming flows (e.g.,
densimetric Froude numbers defined with the mean main channel velocity and the relative
density difference between the two streams less then 10), which results in the two streams
mixing at a very different rate compared to the case when the density difference is negligi-
ble [11, 30]. However, there is no clear understanding on how stratification affects mixing.
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In fact, in some cases mixing was found to enhance with increasing density contrast while
in others the effect of density contrast on mixing was small or acted toward inhibiting mix-
ing [11, 13].

Downstream of the confluence apex, the initially vertical density interface between the
two streams is unstable because of differences in the hydrostatic pressure on its sides, away
from the free surface. The flow tries to become stably stratified. Its evolution toward this
state (e.g., over what distance from the apex the flow becomes stably stratified) is a func-
tion of the momentum/velocity ratio, planform geometry and degree of bed discordance. In
the case of concordant confluences, the evolution toward a stably stratified state happens
via the development of a lock-exchange-like flow in spanwise cross-sections, as denser
fluid moves into the less-dense-fluid side near the bed, while the opposite happens near
the free surface [13]. The interface between the fluids becomes close to horizontal (stable
stratification) when the fronts of the currents containing denser and less-dense fluid from
the two incoming flows reach the banks of the main channel. The development of the lock-
exchange flow can also affect the coherence of the SOV cells and their positions, if such
cells form in the vicinity of the MI. How fast the flow inside the confluence becomes stably
stratified is controlled by the Richardson number (Ri=g'D/U3, where the reduced gravity
is g'=(Ap/py)g, py is the average density of the two streams and g is the gravitational accel-
eration) or, equivalently, the densimetric Froude number (Fr,= 1/Ri"?). Both numbers are
defined with the mean velocity inside the main channel, U, the mean flow depth inside the
main channel, D, and the density difference of the incoming flows, Ap. Moreover, there is
evidence that density contrast between the incoming flows can generate large-scale coher-
ent structures inside the confluence, while dampening or suppressing others (e.g., the verti-
cal Kelvin—Helmbholtz billows generated inside the MI) with respect to the case the densi-
ties of the incoming flows are equal. This is the case for both concordant and discordant
confluences [11, 13]. Consequently, stratification can enhance some mixing mechanisms
(e.g., via the spatially-developing lock-exchange flow), while suppressing others, especially
at large distances from the confluence apex.

Large-eddy simulation based techniques were successfully used to investigate hydro-
dynamics and transport processes at river confluences (e.g., see [13, 47]. Similar to Cheng
and Constantinescu [11], Detached Eddy Simulations (DES) are performed to investigate
flow, turbulence and mixing mechanisms at the strongly-discordant-bed confluence of the
Ebro River and Segre River in Spain, for which detailed descriptions of the bathymetry and
flow conditions are available from field studies (e.g., [1, 36]. Stratification effects are simu-
lated using the Boussinesq form of the Navier—Stokes equations and solving an additional
transport equation for the nondimensional density/temperature.

In the present study, we investigate how density contrast induced by mean temperature
differences between the incoming flows affects hydrodynamics (e.g., eddies generated
inside the MI, flow structure near the confluence apex, recirculation regions and associated
large-scale unsteadiness, dynamics of the eddies generated by separated shear layers) and
mixing processes for a case where the shallower tributary contains the denser, lower tem-
perature fluid (see flow conditions on October 11, 2011 in Table 1). A second simulation is
performed for a no-density-effects case. In this latter simulation, the effect of the tempera-
ture differences on the density field is neglected. In the simulations discussed in the pre-
sent paper, the temperature of the deeper, high-discharge tributary is larger than that of the
shallower tributary, while the opposite was true for the simulations reported by Cheng and
Constantinescu [11]. As the physical Richardson number is larger in the present stratified-
flow case (Ri=1.89) compared to the case (Ri=0.67) investigated by Cheng and Constan-
tinescu [11], one expects stratification effects will be stronger. Moreover, stratification is
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Table 1 Main parameters (volumetric discharge and mean temperature of the two tributaries, temperature
difference, mean velocity in the main channel, velocity ratio, momentum ratio, Richardson number and den-
simetric Froude number) of the confluence flow simulations performed for field conditions

QEBRO QSEGRE TEBRO TSEGRE AT U() VR MR Ri Fr

(m’/s)  (m’/s)  (°C) ) (°C)  (mfs) ’

March 31, 2011 493 91 10.7 15.0 -43 0.8 041 0075 067 121
October 11, 2011 397 16 21.0 18.3 27 0.108 0.08 0.0032 1.89 0.73

expected to affect in a very different way flow hydrodynamics and mixing in the Ri=1.89
simulation reported here compared to the Ri=0.67 simulation, as the denser fluid will
move laterally in opposite directions near the bed in these two simulations, once the two
incoming flows come into contact.

Section 2 describes the test cases. Section 3 briefly introduces the numerical model and
discusses the setup of the simulations and relevant validation cases. Section 4 discusses
differences in the mean flow and mean temperature patterns with the limiting, no-density-
difference case and with the case discussed in Cheng and Constantinescu [11] where the
near bed intrusion of denser fluid develops in the opposite direction. Section 5 extends
this comparison to the dynamics of the eddies generated inside the MI and the large-scale
unsteadiness associated with the recirculation region forming near the confluence apex.
These flow hydrodynamics features are found to generate important mixing mechanisms,
as explained in Sect. 6. Section 7 shows that the regions of large amplification of the turbu-
lence are induced by the large-scale eddies generated in the flow, in particular those form-
ing inside the MI and the shear layers between regions with different mean streamwise
velocities. Section 8 analyzes the effect of density contrast on the mean bed shear stress
and its root mean square values. Based on this information, the capacity of the flow to
entrain sediment, or to induce sediment deposition, is discussed. Section 9 summarizes the
main results and focuses on the differences in flow hydrodynamics and mixing between
the case where the high-discharge tributary contains the denser fluid and the case the same
tributary contains the less dense fluid. It also relates the present findings with observations
at other natural river confluences with significant density contrast between the incoming
streams.

2 Test cases

The main characteristics of the confluence of the Ebro River and the Segre River have been
presented in Cheng and Constantinescu [11]. The two tributaries merge at an angle close
to 110° (Fig. 1). The deepest parts of the Ebro River channel are about 1.6D deeper than
the deepest parts of the Segre River channel, where D~4 m is the average flow depth in
the main channel. The ratio between the flow depths in the two incoming channels in the
present simulations is 2.2, which is very close to values (1.8-2.2) observed at other conflu-
ences with a strong bed discordance [6, 19, 21, 22]. Despite being shallower, the Segre
River is much wider. In both tributaries, the flow depth is very non-uniform in the trans-
verse direction. Downstream of the confluence, the main channel is much deeper near the
South Bank. A sharp increase in the bed elevation occurs at about 1/3 W from the South
Bank (Fig. 2), where W~ 110D is the mean width of the downstream channel.
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Fig.1 Planform geometry and
bathymetry at the confluence

of the Ebro River and the Segre
River. The contours corresponds
to lines of constant vertical eleva-
tion, z/D, where the free surface 200 |-t
is situated at z/D=0 and z is
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Fig.2 Distribution of vertical vorticity, m,D/U,, and 2-D streamline patterns in a plane situated near the
free surface (z/H=— 0.1) in the mean flow. a Ri=0; b Ri=1.89

The conditions in the case with non-equal densities of the incoming streams discussed
in this paper correspond to the flow conditions recorded on October 11, 2011 (see Table 1).
Close to the confluence apex, the mean velocities in the incoming channels were 0.2 m/s
and 0.016 m/s, respectively. The mean velocity in the main channel was Uy,=0.108 m/s.
The velocity ratio of the incoming tributary flows is VR=0.08, while the momentum
ratio is MR=0.0032 The temperature difference between the incoming streams was
AT =Tggro— Tsegre=2.7 °C, which corresponds to Ri=1.89. The inflow section tem-
peratures were measured at several points along the transects using a Seabird SBR-19 con-
ductivity-temperature-depth CTD profiler. The confluence bathymetry was obtained using
an Acoustic Doppler Current Profiler. More details on the field experiments are given in
Ramén et al. [36]. Table 1 also lists the flow conditions on March 31, 2011 corresponding
to the simulation discussed by Cheng and Constantinescu [11]. The contribution of the sus-
pended sediment concentration to the relative density difference between the two streams
is fairly negligible compared to that due to temperature differences (see also discussion in
[36]. The model does not include heat exchange at the free surface nor wind shear effects.
The densimetric Froude numbers in the Fr,=0.73 and 1.21 simulations are slightly larger
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than those (0.13<Frp<0.7) considered in the RANS-based numerical study of Ramén
et al. [37].

A second (no-density-effects) simulation was conducted with the flow conditions pre-
sent on October 11, 2011. The Boussinesq term in the vertical momentum equation of the
numerical model was set to zero, which corresponds to a case with Ri=0 or Frp= 0.

There are two main differences between the density effects (Fr,=0.73, Ri=1.89) case inves-
tigated in this study and the one (Fr,=1.21, Ri=0.67) investigated by Cheng and Constanti-
nescu [11]. The first one is that the present investigation considers a case in which the low-
momentum and low-velocity tributary contains the denser fluid, while the opposite was true for
the case discussed by Cheng and Constantinescu [11]. As a result, the intrusions will develop
in opposite directions close to the free surface and the bed in the two cases, which induces large
differences in the flow structure and affects how the two streams mix. The second difference
is that the discharge ratio, the velocity ratio and the momentum ratio are close to 6, 5 and 22
times, respectively, smaller in the Ri=1.89 case. This means that the case investigated here
is close to the limiting case when a fast stream comes into contact with a reservoir containing
denser fluid, a case that is fairly common at both concordant and discordant bed confluences.
For such flow conditions, the mixing mechanisms and their relationship to the large-scale flow
structure and turbulent eddies generated in the flow were not yet investigated in the literature.
Moreover, comparison with the limiting no-density-difference case, allows isolating the effects
associated with flow stratification for a case where the velocity and discharge of the secondary
tributary are more than one order of magnitude smaller than those of the main tributary. To
make it easier to understand the differences in flow hydrodynamics and mixing mechanisms
at discordant bed confluences between cases where the denser fluid is situated in the second-
ary (low-discharge) tributary and cases where the denser fluid is situated in the main (high-
discharge) tributary, the discussion of results follows the same structure and presents similar
information to the one included in Cheng and Constantinescu [11]. Given that both the velocity
ratio and the momentum ratio are lower in the present simulations compared to those reported
in Cheng and Constantinescu [11], either VR or MR can be used to characterize the differences
in the properties of the incoming flows. To be consistent with the companion paper, we refer to
each case by mentioning the VR and Ri values.

3 Numerical model, boundary conditions and code validation

As opposed to large eddy simulation (LES) models employing wall functions, DES uses
a more sophisticated RANS-based model close to solid boundaries and then transitions
toward a particular form of the LES closure away from these boundaries [41]. This allows
capturing the dynamics of the energetically important eddies in the flow with a reasonable
amount of computer resources at relatively large Reynolds numbers (e.g., field scale condi-
tions for rivers). The numerical algorithm and DES model are the same as the ones used
by Cheng and Constantinescu [11]. Detailed descriptions of the fractional-step algorithm
used to solve the discretized Navier—Stokes equations, the method used to solve the discre-
tized advection—diffusion equation for the nondimensional temperature/concentration, the
discretization of the different terms, code, the one-equation, Spalart—Allmaras DES model
and the implementation of rough-wall boundary conditions are given in Constantinescu
et al. [14, 15], Chang et al. [9], Zeng et al. [50], Rodi et al. [41] and Cheng and Constanti-
nescu [11].
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The nondimensional vertical momentum equation contains the Boussinesq term, —C'*Ri,
where C'=(Tggro—T)/(Tggro— Tsggre) 18 the nondimensional temperature, T(X,y,z,t) is the
dimensional temperature field. For cases with Ri>0, C' also corresponds to the nondimen-
sional density field. The molecular Prandtl number was assumed to be equal to six in the
transport equation for C', which is within the normal range of values used for temperature
transport in water bodies. The turbulent Prandtl number in the VR=0.08, Ri=1.89 simu-
lation (Pr=1.4) was specified using the procedure proposed by Zilitinkevich et al. [S1] to
account for buoyancy effects, while a unity value was assumed in the VR=0.08, Ri=0
simulation.

The free surface was modeled as a symmetry, no-shear boundary, a convective bound-
ary condition was used at the outflow and the velocity fields at the inlets of the tributary
channels were obtained from preliminary DES simulations of constant-temperature, fully-
developed open channel flow. This means that the specified inflow boundaries neglect the
presence of secondary flow. The tributary channels do not contain upstream regions of
high channel curvature in the vicinity of the two inflow sections, so secondary flow is not
expected to be very strong at these locations. The channel bottom and banks were modeled
as no-slip, rough surfaces. The normal gradients C' were assumed to be equal to zero at all
boundaries, except for the boundaries where the values C’ are imposed. The constant values
specified at the two inlet sections were C'=1 for the Segre River and C'=0 for the Ebro
River. The fields of C' are also used to quantify mixing. Mixed fluid is defined as fluid with
0.1<C'<0.9.

The computational mesh contained close to 22 million cells with about 30 points dis-
tributed along the vertical direction. About 350 points were distributed over the width of
the main channel. The horizontal cell aspect ratio was close to one away from the solid
boundaries. Away from the banks and the regions situated near the confluence apex, where
Kelvin—Helmholtz billows are forming, the average cell size in the horizontal directions
was close to 0.3D-0.7D. In the vertical direction, the cell size was close to 0.05D close to
the free surface. Grid points were clustered near the bank lines and the confluence apex to
resolve the flow inside the attached boundary layers and the shear layers. The first point
off the channel bed was situated at around 2 wall units away from the solid surface. The
non-dimensional time is defined as t,=D/U,. The time step was 0.005t,. The Courant num-
ber in the cells situated away from the solid surfaces was less than 0.1. Figure 1 shows the
main cross sections at which the VR=0.08, Ri=0 and VR =0.08, Ri=1.89 simulations are
compared.

The same DES solver was used to study flow hydrodynamics and mixing processes at
field scale conditions for a small natural river confluence with concordant bed [15-18].
Laboratory scale investigations were conducted for a small mountain-river confluence
with a large bed discordance [23] and for a shallow mixing layer developing at the conflu-
ence between parallel streams [10, 13] for cases where density difference effects on flow
hydrodynamics were negligible. These studies contain extensive validation with field and
lab data of the mean streamwise velocity, mean temperature and turbulent kinetic energy
(TKE) predictions, position of the MI, passage frequency of the billows forming inside
the MI, as well as on the formation and position of some of the main vortices in the flow.
Cheng and Constantinescu [11] contains some qualitative validation of the free-surface
mixing patterns between the Segre River and the Ebro River and of the position of the MI
for a case with Ri~0. Orr et al. [33] discuss validation of the same solver using the Bouss-
inesq approximation for stratified flows.
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4 Mean flow

The mean-flow vertical vorticity distribution in the VR =0.08, Ri=0 case shows that no
separated shear layer (SSL) forms on the Segre River side of the confluence apex. Mean-
while, the vorticity amplification is large inside the SSL forming on the Ebro River side
(Fig. 2a). Further downstream, this SSL develops into a thick region of high, same-sign vor-
ticity, which suggests that the MI is in the Kelvin—Helmholtz (KH) mode, consistent with
the value of the velocity and momentum ratios near the confluence apex (VR=0.08 1,
MR =0.0032«1). The main difference with the no-density-effects (VR=0.41, Ri=0)
case discussed by Cheng and Constantinescu [11] is the absence of a wake region near the
confluence apex, which is expected given that no SSL forms on the Segre River side for
VR =0.08. At around 20D from the confluence apex, the vorticity levels inside the SSL
decay sharply and the width of the region characterized by vorticity levels larger than those
in the surrounding turbulent flow (w,D/U,>0.1) increases suddenly to about 35D. This
region extends until the end of the computational domain, is situated on the Segre River
side of the main channel but does not touch the North Bank. A similar high vorticity region
was observed in the VR=0.41, Ri=0 simulation, but its average width was only 25D. Due
to the high curvature of the South Bank around section A, a strong SSL forms as the core
of high velocities from the Ebro River enters the confluence hydrodynamic zone. Large-
scale energetic eddies are generated inside the region containing slowly moving fluid in
between this SSL and the South Bank.

The free-surface, mean vorticity distribution in the VR=0.08, Ri=1.89 case (Fig. 2b)
is qualitatively more similar to the one observed in the corresponding no-density-effects
case (Fig. 2a) rather than the one predicted in the VR=0.41, Ri=0.67 case (see [11]. This
is not surprising given that the temperature difference between the two streams, though
of comparable magnitude, is of opposite signs in the two simulations with Ri>0. As the
Richardson number increases from O to 1.89 in the VR =0.08 simulations, the SSL form-
ing on the Ebro River side of the confluence apex is pushed laterally toward the Segre
River channel. As will be discussed later, the sudden width increase near its end is due
to the quasi-periodic formation and shedding of large eddies from its end. Similar to the
Ri=0 simulation, a thick band of relatively high vorticity forms downstream of the very
energetic part of this SSL. Though, the thickness of this region is also close to 35D around
sections B and C in the VR=0.08 Ri=1.89 case, this region is situated farther away from
the centerline of the main channel compared to the corresponding no-density-effects simu-
lation and touches the North Bank around section C. Its thickness is less than 15D past
section D. Close to the free surface, the SSL forming at the South Bank near section A
is shorter and much less energetic compared to the no-density-effects case (Fig. 2a). A
main feature of the free-surface, mean streamline patterns in Fig. 2b is the formation of a
large recirculation bubble near the confluence apex that penetrates until the opposing North
Bank and extends into the Segre River channel. Its formation is a direct consequence of the
rapid plunging of denser fluid from the Segre River (the denser fluid is drawn toward the
confluence apex, away from the North Bank) and the free surface expansion of less-dense
fluid from the Ebro River.

The mean streamwise velocity distribution in the VR=0.08, Ri=0 case (Fig. 3a) is
qualitatively similar to that observed in the other no-density-effects (VR =0.41, Ri=0)
case (see Fig. 5a in [11]. In both simulations, as one moves in the downstream direc-
tion, the core of high velocities from the Ebro River side of the main channel gradually
approaches the North Bank. The lateral movement of the core is larger in the VR =0.08,
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Fig.3 Distribution of streamwise velocity, u/U, and 2D streamline patterns at cross-sections A to F in the
mean flow. a Ri=0; b Ri=1.89. The solid black lines (C'=0.1 and C'=0.9) visualize the edges of the MI
region based on the distribution of C' in the mean flow field
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Ri=0 simulation, which is somewhat expected given the much larger difference
between the discharges of the two tributaries in this case. The MI, defined as the region
with 0.1 <C’'<0.9, also moves faster toward the South Bank in the VR=0.08 Ri=0
simulation such that the MI is situated in its entirety over the shallower part of the main
channel past section D. By contrast, part of the MI is always situated over the transition
region between the deeper South Bank side and the shallower North Bank side of the
main channel in the VR =0.41, Ri=0 case. In both no-density-effects simulations, most
of the cross-stream eddies of secondary flow are situated over the deeper part of the
main channel, outside of the MI region.

The distribution of the streamwise momentum inside the confluence hydrodynamic
zone is very different in the VR =0.08, Ri=1.89 (Fig. 3b) simulation compared to the cor-
responding no-density case (Fig. 3a). This is mainly because of the very large re-distribu-
tion of the streamwise momentum starting immediately downstream of the confluence apex
in the simulation with strong flow stratification. The heavier fluid from the Segre River
advected close to the bank containing the confluence apex plunges beneath the free surface
as it passes the apex and then advances across the Ebro River side of the main channel
beneath the core of high-speed, less-dense fluid from the Ebro River that moves down-
stream without much change in its direction. This generates a two-layer vertical flow struc-
ture close to the confluence apex with the denser fluid moving beneath the less-dense fluid.
One should also note that bed morphology at the present confluence where there is a cross-
sectional (transverse) slope from the North Bank to the South Bank is not creating obsta-
cles to the intrusion of the denser fluid below the Ebro waters. Hence, this flow patterns
should be common in confluences with bed discordance and significant density differences,
if the denser water is in the shallower tributary.

The dominant mean flow directions of the flows originating in the two tributaries are
close to perpendicular to each other (see also discussion of Figs. 8b and 9b). This is the
main reason why at section A, that is situated only 40D from the confluence apex, the
interface with the unmixed less-dense fluid has a fairly small inclination with respect to the
horizontal and penetrates until close to the South Bank (Fig. 3b). The denser fluid originat-
ing in the Segre River resembles a bottom intrusion at section A. The difference with the
classical time-developing bottom propagating gravity current is that the intrusion does not
grow in time. Once the denser fluid moving near the bed reaches the South Bank it rotates
and then follows the South Bank. This explains the formation of the second density inter-
face over the deep side of the main channel starting with section B (Fig. 3b). One should
mention that a similar situation was observed at the confluence between Rio Bermejo and
Rio Paraguay [4]. The core of high streamwise velocities containing less dense fluid from
the Ebro River moves over the region situated in between the shallower and the deeper
parts of the cross section. By section C, the core of high streamwise velocity, less-dense
fluid is situated in between two regions containing denser, slower fluid. As one moves
downstream, the core of relatively high streamwise velocities penetrates closer to the South
Bank and increases its vertical thickness over the deeper side of the cross section. Such a
flow distribution is impossible to form inside the confluence hydrodynamic zone in the
absence of strong density difference effects. In the VR=0.41, Ri=0.67 case [11] the inter-
face between the regions containing denser fluid and less-dense fluid became strongly tilted
due to the lateral intrusions of denser fluid near the bed and of less dense fluid near the free
surface. However, no dense fluid was able to penetrate close to the opposite bank such that
the less dense fluid will be bordered by mixed denser fluid on its two sides. This is a major
difference between the two cases with Ri>> 0.
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In terms of the secondary flow, several cross-stream eddies are observed at most sec-
tions in the VR=0.08, Ri=1.89 case (Fig. 3b). Most of these eddies are situated along or
immediately beneath the interface between the fairly unmixed, less-dense fluid originating
in the Ebro River tributary and the mixed fluid originating in the Segre River tributary that
is moving with the near-bed intrusion toward the South Bank. These eddies resemble the
ones forming around the interface between the near-bed and free-surface gravity currents
in a classical lock-exchange flow. Thus, for the strong density difference conditions present
in this case, stratification controls not only the redistribution of the streamwise momentum
but also the formation of the main secondary-flow eddies.

5 Flow structure near the confluence apex and inside the mixing
interface region

Similar to what was observed for the no-density-effects (VR=0.41, Ri=0) case inves-
tigated by Cheng and Constantinescu [11], energetic KH billows are generated over the
upstream part of the SSL forming on the Ebro River side of the confluence apex in the
VR =0.08, Ri=0 case. The average size of these billows is close to 3—4 D. Then, these
billows merge into a much larger eddy that is advected inside the MI. The mean period
associated with the formation of a new large eddy is about 40D/Uj, in the VR=0.41, Ri=0
case and 55D/U, in the VR =0.08, Ri=0 case. However, no SSL forms on the Segre River
side of the confluence apex and no wake region is present in the VR=0.08, Ri=0 simula-
tion. Rather, part of the flow moving in the Segre River close to the bank containing the
apex reaches the SSL on the Ebro River side and then changes direction as it is advected
into the MI region. This sudden change in direction is associated with the formation of the
large eddy containing vorticity from the SSL. The frames between t=t, and t,+45D/U, in
Fig. 4 illustrate the formation of the large eddy in which the KH billows from the SSL are
drawn into before it separates. Then this eddy moves along the interface with the unmixed
fluid from the Segre River before it starts dissipating while being advected downstream. A
new eddy starts forming at t=t,+45D/U,. At t=t,+ 55D/U,, the old eddy has disappeared
and the flow pattern is similar to the one observed at t=t, (Fig. 4). The vorticity plots in
Fig. 4 also show that two large eddies are present at most times in between the South Bank
and the SSL forming upstream of section A. These eddies interact with the SSL. Strong
interactions are also observed in between the turbulent eddies generated by the stream-
wise oriented ridge present in the Ebro River tributary with eddies advected inside the SSL
forming at the South Bank.

Flow stratification acts very differently in the case where the higher-temperature stream
containing less dense fluid corresponds to the main, high-discharge tributary and in the
case the lower temperature stream corresponds to the high-discharge tributary. In the latter
case (e.g., see results for the VR=0.41, Ri=0.67 case in [11], no large-scale, quasi-peri-
odic motions were observed within the confluence hydrodynamic zone aside from eddies
shed in the SSLs and near the bank lines. This is not the case in the VR =0.08, Ri=1.89
simulation, where a large unsteady recirculating flow bubble forms near the free surface
in between the region containing unmixed denser fluid from the Segre River and the high-
speed, less dense fluid from the Ebro River (see 2-D streamline patterns in Fig. 2b). Once it
forms, this bubble increases its size and eventually moves toward the North Bank, while a
new bubble starts forming behind it (Fig. 5). The 2-D free-surface flow patterns in Figs. 2b
and 5 suggest that all the incoming flow from the Segre River is moving toward the
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Fig.4 Visualization of mixing between the two streams and large-scale turbulence for the Ri=0 case. The p»
concentration of the passive scalar is C'=1 at the inlet of the Segre River channel and C'=0 at the inlet of
the Ebro River channel. The instantaneous concentration, C', (left frames) and vertical vorticity, w_D/U,,
(right frames) fields are shown in a horizontal plane (z/H=—0.1) situated near the free surface. The black
arrows track the large vortical structures forming from the merging of co-rotating eddies shed from the
separated shear layer on the Ebro River side of the confluence apex. The red arrows track the large vortical
structures in the region containing slowly moving fluid forming near the South Bank

recirculation bubble and from there the flow is drawn toward the confluence apex, which
is misleading. In reality, the mean flow is highly three-dimensional in the region where the
two streams come into contact with the mean flow patterns being very different close to
the free surface and close to the bed. The denser fluid situated close to the bank containing
the apex starts plunging downwards as it approaches the apex. Close to the bed, there is a
corridor containing fluid from the Segre River that is advected across the main channel and
reaches the South Bank (Fig. 9b).

At peak size, the unsteady bubble occupies the whole triangular region containing
mixed fluid near the end of the Segre River tributary channel (e.g., see frame at t=t; in
Fig. 5). The bubble forms close to the confluence apex in the region of high mean shear
between the fast moving fluid from the Ebro River that advances in the main channel and
the fluid from the Segre River which converges toward the confluence apex. A new bub-
ble starts forming around t=t,+300D/U, (Fig. 5). As the new bubble forms, the old one
moves toward the North Bank. Its core becomes smaller and starts interacting with the
boundary layer forming at the North Bank. Then, the core of the old bubble is advected
parallel to the North Bank. At the same time, mixing near the free surface is strongly
enhanced as denser fluid from inside the bubble mixes with the surrounding less dense
fluid (see nondimensional density plot at t=t,+300D/Uj, in Fig. 5). Once it reaches the
North Bank, the bubble starts dissipating and loses its coherence over the next 200D/U,,
(see results for t=t,+600D/U, in Fig. 5). Meanwhile, the new eddy reaches maximum size
around t=ty+ 1000D/U,, (Fig. 5). It then takes another 100D/U, until the interface with the
unmixed heavier fluid assumes a shape that is similar to the one observed at t=t,. So, the
period associated with a complete cycle is around 1000-1100D/U,;, more than one order
of magnitude larger compared to the large-scale unsteadiness observed in the VR=0.41,
Ri=0.67 case and the no-density-effects cases.

Compared to the VR=0.08, Ri=0 case (Fig. 4), the flow separation region at the South
Bank in the VR=0.08, Ri=1.89 case is much reduced. This may look surprising given
that the incoming flow velocity in the Ebro River is about the same in both simulations.
The reason is that for strong stratification the denser fluid from the Segre River moving
toward the South Bank plunges toward the bed and once it gets close to the South Bank
starts moving approximately parallel to the bank line. Mixing takes place and this denser
fluid reaches the free surface downstream of section B. This explains the presence of mixed
fluid close to the South Bank in the non-dimensional density fields shown in Fig. 5.

Figure 6 visualizes the mean flow pattern in the VR=0.08, Ri=0 simulation close to
the confluence apex and the trajectories followed by fluid particles originating in the two
channels. Some of the streamlines originating close to the free surface in the Segre River
channel and approaching the confluence apex are entrained into the mean-flow recircula-
tion bubble. Others are moving around the bubble and are then advected inside the mixing
interface region close to the free surface (see Fig. 6b and red ribbons Fig. 6¢). The stream-
lines originating close to the bed in the Segre River channel (see red ribbons in Fig. 6a) are
first entrained into the recirculation bubble and then move toward the free surface inside
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Fig.5 Visualization of mixing between the two streams and large-scale turbulence for the Ri=1.89 case. The non-
dimensional temperature is C'=1 at the inlet of the Segre River channel and C'=0 at the inlet of the Ebro River
channel. The instantaneous nondimensional temperature, C’, (left frames) and vertical vorticity, w_D/U,, (right
frames) fields are shown in a horizontal plane (z/H=—-0.1) situated near the free surface. The black arrows track
the advection toward the North Bank of large recirculation bubbles forming near the confluence apex
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(c)

Fig.6 Visualization of mean flow pattern close to the confluence apex using 3D streamlines for the Ri=0
case. The streamlines originate in the Ebro River close to the bank containing the confluence apex (black
lines) and in the Segre River, close to the free surface (colored ribbons). Frame a illustrates how particles
from the Segre River are drawn into the recirculation bubble forming close to the confluence apex. Frame
b shows the concentration distribution close to the confluence apex for a passive scalar introduced near the
apex. Frame c illustrates how particles originating in the Ebro River move over the North Bank side of the
main channel, while some of the particles originating in the Segre River move in between the recirculation
bubble and the bank containing the confluence apex before moving back on the North Side of the main
channel. Ribbons’ color and legend indicate vertical elevation. (Aspect ratio X:Y:Z=10:10:1)

the core of this eddy before being released into the mixing interface region. On the Ebro
River side of the confluence, 3-D streamlines released close to the bank and near the bed
move around the recirculation eddy and closer to the free surface as they approach the
SSL forming on the Ebro River side of the confluence apex (Fig. 6). Most of the stream-
lines dive down as they pass the confluence apex and then they increase their elevation as
they migrate over the shallower regions of the main channel while remaining fairly close to
the channel bottom. Meanwhile, the 3D streamlines released close to the bank containing
the confluence apex and near the free surface remain on the South Bank side of the main
channel.

Compared to the no-density-effects case, the degree of flow three dimensionality in the
region surrounding the confluence apex is much higher in the VR =0.08, Ri=1.89 simula-
tion where fluid particles released in each of the two incoming channels can move on the
other side of the main channel. 3D streamlines released close to the free surface and the
bank containing the confluence apex inside the Ebro River channel (red ribbons in Fig. 7a)
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(@ (b)

Fig.7 Visualization of mean flow pattern close to the confluence apex using 3D streamlines for the
Ri=1.89 case. Frames a visualizes the main recirculation bubble forming near the confluence apex and
how some fluid particles originating in the Segre River reach the region situated close to the South Bank.
Frame b visualizes the flow pattern around the submerged recirculation bubble present close to the North
Bank. Ribbons’ color and legend indicate vertical elevation. (Aspect ratio X:Y:Z=10:10:1)

are first entrained into the core of the main recirculation bubble and from there they move
downwards inside the core of this tornado-like eddy before being released into the deeper
South Bank side of the main channel. Meanwhile, 3D streamlines released at mid-depth
levels and close to the bed are not entrained into the recirculation bubble and follow the
deeper part of the South Bank side of the main channel. A unique feature of the mean flow
field for this case is that a second recirculation eddy is present beneath the free surface,
close to the region where the North Bank line changes direction (Fig. 7b). Some of the
streamlines released close to the free surface inside the Ebro River channel that are not
entrained into the main recirculation bubble are moving past this eddy and are entrained
into the recirculation eddy forming close to the North Bank. These particles are then mov-
ing toward the bed inside the core of the second recirculation eddy and are then released
into the flow being advected close to the North Bank (red ribbons in Fig. 7b). Most flow
particles released in the Segre River channel plunge down as they approach the main recir-
culation bubble and then move close to the bed until they reach the South Bank.

6 Mixing

In the VR=0.08, Ri=0 case, the free-surface, vertical vorticity distributions in the instan-
taneous flow fields (Fig. 4) show that large-scale, energetic eddies that were not entrained
into the main recirculation bubble are moving along the interface between the high velocity
fluid originating in the Ebro River and the region containing mixed fluid (0.1 <C’'<0.9,
Fig. 8a). These eddies enhance mixing mostly via engulfing and are the main mechanism
for mixing close to the free surface. By contrast, the instantaneous flow fields contain a
much lesser amount of energetic eddies close to the interface between the unmixed fluid
originating in the Segre River and the region containing mixed fluid.

Despite the relatively large degree of bed discordance, the mean flow and mixing
patterns are qualitatively very similar near the free surface (Fig. 8a) and near the bed
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Fig.8 Visualization of mixing between the two streams in the mean flow using the non-dimensional tem-
perature field, C'. The temperature field is shown in a horizontal plane (z/H=-0.1) situated near the free
surface. a Ri=0; b Ri=1.89. The white lines visualize the edges of the regions containing mixed fluid
(C'=0.1 and C'=0.9) in the mean flow. Also shown are 2D streamlines

South Bank (S)
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Fig.9 Visualization of mixing between the two streams in the mean flow using the non-dimensional tem-
perature field, C'. The temperature field is shown in a deformed plane situated near the bed at a distance of
about 0.1D from the bed surface. a Ri=0; b Ri=1.89. The white lines visualize the edges of the regions
containing mixed fluid (C'=0.1 and C'=0.9) in the mean flow. Also shown are 2D streamlines

(Fig. 9a) in terms of the 2D streamline patterns, the position of the main recirculation
bubble and the position of the region containing mixed fluid (0.1 <C’<0.9). The recir-
culation bubble is larger near the free surface, while the width of the region containing
mixed fluid is larger near the bed. The cross section distributions of C' in the mean flow
fields (Fig. 10a) show that the MI moves over the shallower parts of the main channel
downstream of section Al. Near-bed intrusions of mixed fluid into the Ebro River side
of the main channel are observed only close to the confluence apex (e.g., see results
for section A in Fig. 10a) on the Ebro River side of the main channel where the flow is
highly three dimensional due to the strong bed discordance.

By contrast, the density distributions near the free surface (Fig. 8b) and near the bed
(Fig. 9b) are very different in the VR=0.08, Ri=1.89 case. These differences are driven
by the near-bed current that transports denser fluid from the Segre River. Close to the
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Fig. 10 Distribution of non-dimensional temperature, C’, at cross-sections A to F in in the mean flow. a

Ri=0; b Ri=1.89. The solid black lines (C'=0.1 and C’'=0.9) visualize the edges of the regions containing
mixed fluid in the mean flow
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free surface, the denser fluid from the Segre River starts plunging toward the bed as it
approaches the main recirculation bubble and, at the same time, is pushed toward the bank
containing the confluence apex. Upstream of the confluence apex, the near-bed current
extends for about 30D away from the Segre River bank containing the confluence apex
(Fig. 9b). From there, the near-bed current moves toward the South Bank that is reached
in between sections A and B. Then, the current is deflected by the bank line and flows
parallel to it. As this is a shallow area and the current expands in both the lateral and verti-
cal directions, the nondimensional temperature/density levels near the free surface show
the presence of mixed fluid near the South Bank downstream of section C (Fig. 8b). The
free-surface distribution of C' downstream of section C, contains three regions. The region
containing the least dense fluid is bordered by regions containing denser fluid. Such a lat-
eral distribution of the free surface mixing is a direct consequence of strong stratification
and associated 2-layer vertical flow structure observed near the confluence apex. Such free-
surface mixing patterns are impossible to observe at confluences where density difference
effects are small or negligible.

Due to the near-bed current of denser fluid moving across the Ebro River side of the
main channel, the 2D streamline patterns are very different close to the bed (Fig. 8b) and
the free surface (Fig. 9b). A secondary recirculation bubble is present close to the bed and,
as discussed, plays an important role in vertical transport inside the main channel. The
formation of this cell is mostly due to the complex bathymetry and the vertical flow nonu-
niformity induced by the free-surface intrusion of lighter, mixed fluid into the Segre River
tributary. This intrusion is associated with the development of buoyancy effects (e.g., the
lock-exchange flow). The core of this eddy transports mixed fluid from the free surface
toward the bed and from there into the near-bed region containing mixed fluid that moves
parallel to the North Bank. Meanwhile, the less-dense fluid from the Ebro River moving
close to the bed is advected upwards toward the free surface as it moves over the cross-
stream, near-bed current containing denser fluid and then gradually expands vertically
toward the bed. This explains the presence of a region containing less-dense fluid near the
centerline of the main channel downstream of section B in Fig. 9b.

The distribution of C' at section A visualizes the developing intrusion of denser fluid
from the Segre River as it plunges down at the end of the shallower region to form the
near-bed current. The current has completed its turn by section B where the mixed fluid
penetrates until the South Bank. As one moves downstream, this current extends verti-
cally upwards and laterally toward the North Bank. The large cells of secondary flow pre-
sent in sections B and F (Fig. 3b) near the interface between the current containing denser
fluid and the surrounding less dense fluid from the Ebro River are the main reason for the
growth of the current in the cross-stream direction as one moves downstream. Finally, the
tilting of the interface between the less dense fluid from the Ebro River and the denser
Segre River fluid moving close to the South Bank is due to the spatial development of a
lock-exchange like flow. The main difference with the stratified flow (VR=0.41, Ri=0.67)
case discussed by Cheng and Constantinescu [11] is that the lock-exchange-like flow devel-
oped on the South Bank side of the main channel and that no fluid from the Segre River
could penetrate to the South Bank. This is why the free-surface distribution of C’ contained
only two regions in the downstream part of the main channel.

Figure 11 compares the streamwise evolution of the volume of mixed fluid, defined
as fluid with 0.1 < C’'<0.9, in the VR=0.08, Ri=0 and VR=0.08, Ri=1.89 cases. The
rate of growth of the volume of mixed fluid is much larger in the Ri=1.89 simulation.
For example, the ratio between the volume of mixed fluid in the two cases is about
3.2 at section C (x'/D=180) and about 4 at section F (x’/D=2370). This means the two
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Fig. 11 Comparison of mixing for the Ri=0 and Ri=1.89 cases. a Streamwise variation of the non-dimen-
sional volume of mixed fluid, V/D?. The mixed fluid is defined as fluid with 0.1 <C’'<0.9 (blue symbols)
and also as fluid with 0.0288 < C'<0.0488 (black symbols), where C’,; .;=0.0388 is the nondimensional
temperature expected in the main channel after the two streams are fully mixed. The coordinate x’ is meas-
ured along the centerline of the MI at the free surface with x"=0 at the confluence apex

incoming streams will become fully mixed much faster in the Ri=1.89 simulation com-
pared to the Ri =0 simulation.

The much stronger mixing observed in the VR =0.08, Ri=1.89 simulation is due to sev-
eral reasons. The first one is the unsteady dynamics associated with the quasi-periodic gen-
eration of large recirculation bubbles close to the confluence apex. These bubbles engulf
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less dense fluid from the Ebro River. The second one is the formation of a near-bed current
of denser fluid that is advected toward the South Bank. Due to large interfacial shear, mix-
ing takes place in between this current and the surrounding less-dense fluid. Moreover, the
very energetic eddies generated near the South Bank side of the main channel are also very
effective in increasing mixing especially as the current of denser fluid approaches the bank
and then moves parallel to it.

Also shown in Fig. 11 is the streamwise variation of the volume of ‘well-mixed’ fluid,
that is defined as fluid with a nondimensional temperature/density 0.0288 < C'<0.0488,
close to the value, C';,.4=0.0388 corresponding to the two streams being fully mixed.
C' Lixea 18 calculated as a weighted average of C' in the two incoming streams, with the rela-
tive discharges in the two streams as the weights. The detailed view in Fig. 11 shows that,
at large distances from the confluence apex, the rate of growth of the volume of well-mixed
fluid is also much larger in the simulation with strong density differences between the
incoming flows. For example, the ratio of the volume of well-mixed fluid in the VR =0.08,
Ri=1.89 case to that in the VR=0.08, Ri=0 case is close to 3.5 at section F (x'/D=370).
The only qualitative difference with the streamwise variation of the volume of mixed fluid
is that the volume of well-mixed fluid is slightly larger in the no-density-effects case close
to the confluence apex.

Compared to the VR=0.41 simulations discussed in Cheng and Constantinescu [11]
for which the Ebro River tributary contained the denser fluid, the trends observed in the
streamwise variations of the volumes of mixed and well-mixed fluids are different. In the
VR =0.41 simulations, the volumes of mixed and well-mixed fluid are smaller in the no-
density-effects case close to the confluence apex, but their rates of growth are slightly
larger such that by section F the two volumes are relatively close in the VR=0.41, Ri=0
and VR=0.41, Ri=0.67 simulations. This shows that the way stratification induced by
density differences between the incoming flows affects mixing within and downstream of
the confluence hydrodynamic zone is not solely a function of the magnitude of the Rich-
ardson number. The density ratio between the faster and the slower stream and the velocity/
momentum ratio of the incoming streams can strongly affect how mixing develops away
from the confluence apex, at least for confluences with a large degree of bed discordance.

7 Turbulent kinetic energy

The passage or presence of large-scale vortical eddies generated by Kelvin—Helmholtz
instabilities, flow separation, large-scale features of the bathymetry and rapid changes in
the bank line orientation is the main mechanism responsible for the production of turbulent
kinetic energy (TKE) inside the confluence hydrodynamic zone.

Two main region of high (depth-averaged) TKE are present in the VR=0.08, Ri=0
simulation (Fig. 12a). The first region corresponds to the SSL on the Ebro River side of the
confluence apex and to the adjacent region where large eddies are shed quasi periodically
(see vorticity distributions in Fig. 4). The second region is centered around the upstream
part of the SSL forming at the South Bank, where the bank line changes orientation and
the flow advected in the Ebro River separates. The instantaneous vorticity distributions in
Fig. 4 show that the region situated in between this SSL and the South Bank contains lots
of energetic eddies which explain the relatively high TKE levels (k/U3>0.02) present for
a distance of about 20D-25D away from the South Bank, downstream of section A. The
ridge associated with the sudden change in bed elevation inside the Ebro River tributary
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(a)

Fig. 12 Distribution of the depth-averaged TKE, k/U%. aRi=0;bRi=1.89

(Fig. 1) is another source of energetic eddies (Fig. 4) and explains the presence of the sec-
ond streak of high TKE parallel to the region ok high TKE associated with the SSL form-
ing upstream of section A (Fig. 12a).

The depth-averaged TKE distribution in the VR=0.08, Ri=1.89 case (Fig. 12b) pre-
sents several important differences compared to the one observed in the no-density-effects
case (Fig. 12a). One main difference is the larger region of high TKE corresponding to
the SSL forming on the Ebro River side of the confluence apex and to the recirculation
bubbles that are shed quasi-periodically. The largest TKE amplification is observed inside
the core of this bubble based on its mean-flow location (Fig. 8b) and in the region where
these eddies reach the North Bank, just upstream of section C. The other region of high
TKE values is situated at the South Bank and is centered around section A. Though the
high bank curvature is partially responsible for the TKE increase, the main reason for the
turbulence amplification is the interaction of the near bed current containing denser fluid
with the South Bank (Fig. 9b). Two long streaks of relatively high TKE are also forming
on the South Bank side of the main channel. The one in the middle of the channel is associ-
ated with the interface forming between the high-speed, less-dense fluid originating in the
Ebro River and the slower, but denser fluid from the near-bed current that, after it reaches
the bank, moves parallel to it. Most of the TKE amplification occurs because of transverse
oscillations of the interface around its mean flow position. The other streak of high TKE
corresponds to the shear layer forming in the immediate vicinity of the irregular bank line
(Fig. 2b) where flow separation occurs at several locations. A similar shear layer forms in
the mean flow at the North Bank downstream of section D and is responsible for the high
TKE amplification in that region (Fig. 12b).

8 Bed shear stresses

Confluent flows are characterized by the generation and advection of large-scale coherent
structures near the bed. This is why when estimating the capacity of the flow to entrain
sediment, besides the mean bed shear stress magnitude, T, one also has to consider infor-
mation on the fluctuations of this variable due to turbulence. In a first approximation, the
effect of the coherent structures can be quantified by analyzing the distributions of the root-
mean-square (rms) of the bed shear stress, T [12]. Given that the first grid point off the
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channel bed is situated at 2—3 wall units, the mean bed shear stress is calculated using the
definition and the mean velocity magnitude in a plane parallel to the tangent plane to the
bed surface passing through the first grid point off the bed. To calculate T™, the velocity
magnitude is replaced by the square root of the turbulent kinetic energy at the first grid
point off the bed surface. The bed surface is rocky but one of the tributaries advects fine
sediments with a mean diameter of about 30 pm. These fine sediments can deposit or be
re-entrained by the flow.

As for the no-density-effects VR=0.41 simulation [11], regions of high 7 in in the
VR=0.08, Ri=0 case (Fig. 13a) correspond to regions of large streamwise velocity
(Fig. 3a). Given the high mean velocity of the flow in the Ebro River, the largest bed shear
stresses are induced over the deep part of this incoming channel and then over the deepest
parts of the main channel close to the South Bank. The width of the region of relatively
high 7 increases downstream of section A as the core of high velocity from the Ebro River
tributary enlarges and gradually moves over the region where the bathymetry transitions
from the deeper South Bank side toward the much shallower North Bank side (Fig. 3a).

In the VR=0.41, Ri=0 case, the largest T'™ values are predicted beneath the regions
where KH billows are shed inside the SSL forming at the South Bank upstream of section
A (Figs. 4a and 14a). Two other regions of significantly larger t™* compared to values
associated with the fully turbulent flow in the incoming channels are present. The first one
corresponds to the SSL forming at the confluence apex on the Ebro River side inside which
KH billows are shed and merge to form large eddies. The second one corresponds to the
end of the elongated ridge inside the Ebro River channel where energetic vortical eddies
are shed toward the SSL forming at the South Bank (Fig. 4a).

For the conditions considered in this case, the erosive capacity of the flow is the larg-
est in the region situated close to the South Bank, between section A and B, where both ©
and ™ are close to their peak values. This conclusion is similar to the one reached for the
other no-density-effects (VR=0.41, Ri=0) case. This region of high t and t™ does not
penetrate to the bank line (Figs. 13a, 14a), so erosion at the South Bank is not expected
to be a concern for this case. Meanwhile, the very low values of T and ™ near the North
Bank, between sections E and F, suggest that sediment deposition may occur over this
region if the incoming streams contain sediment.

Downstream of the confluence apex, the distribution of t in the VR=0.08, Ri=1.89
case (Fig. 13b) is very different from the one observed in the corresponding no-density-
effects case and also from the one observed in the stratified flow (VR=0.41, Ri=0.67)
case where the Ebro River contained the denser fluid. As expected, the t values in the
Ebro River channel upstream of the confluence apex are very close to those predicted in
the VR=0.08, Ri=0 simulation (Fig. 13). Downstream of the confluence apex, the main
region of high t extends from the confluence apex to the South Bank and is induced by the
near-bed current of denser fluid (Fig. 9b). The width of this region is about 30D, very close
to the width of the near-bed current containing denser fluid from the Segre River. Rela-
tively large t values are also recorded beneath the denser fluid current after it is deflected
by the South Bank and moves parallel to it. The mean bed shear stress also increases
beneath the region where the denser fluid from the Segre River accelerates and plunges
down toward the bed to form the near-bed current. This region is situated near the Segre
River bank line containing the confluence apex and also has a width of about 30D. Finally,
relatively large t values are observed in the region where the less-dense fluid originating
in the Ebro River that moved over the near-bed, cross-flow current from the Segre River
penetrates again until the bed (Fig. 9b). This is expected because the higher streamwise
velocity of the flow originating in the Ebro River tributary.
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The first region where the amplification of T is very significant is the one where the
denser flow from the Segre River channel plunges toward the bed and interacts with the KH
billows shed in the SSL forming at the confluence apex. Because of the mean recirculation
bubble, strong interactions between the separated shear layer on the Ebro River side of the
confluence apex and the attached boundary layer on the Segre River side occur (Fig. 5).
These interactions lead to ejection of eddies from the attached boundary layer and result in
a large amplification of the TKE and t™" especially during the times when a new bubble
forms near the confluence apex (e.g., see vorticity distribution at t=t, +1000D/U,, in Fig. 5).
The second region of high ™ is the one where the near-bed current of denser fluid reaches
the South Bank (Figs. 9b, 14b). Thus, bank erosion is expected to be of concern at the South
Bank around section A. This was not the case in the VR=0.41, Ri=0.67 case [11], where
no near-bed current of dense fluid formed. The other region where bank erosion may be of
concern is at the Segre River bank line. It starts at the confluence apex and extends for about
50D upstream into the Segre River channel. Finally, the lateral oscillations of the interface
between the middle region containing less-dense fluid originating in the Ebro River tribu-
tary and the surrounding regions containing denser fluid induce an increase of t™.

Overall, the T and t™ patterns in Figs. 13 and 14 show that erosion potential of the flow
is larger in the Ri=0 case especially on the Ebro River side of the main channel. Moreover,

(a)

South Bank (S)

(a)

Fig. 14 Distribution of the rms of the bed shear stress magnitude, T™/pU2. a Ri=0; b Ri=0.67
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if the incoming flows carry fine suspended sediment, the formation of a sediment deposition
bar in the Ri=1.89 case is possible downstream of section B. The bar is expected to develop
in between the region of high t values induced by the interaction of the denser fluid with the
South Bank and that forming beneath the high-speed fluid from the Ebro River (Fig. 13b).
The only region where erosion is expected to be stronger in the Ri=1.89 case compared to
the Ri=0 case is situated neat the left bank line of the Segre River channel, in the vicinity of
the confluence apex where the denser fluid is plunging toward the bed.

9 Final discussion and conclusions

Despite the smaller temperature difference between the two streams in the Ri=1.89,
VR =0.08 simulation, stratification effects were larger compared to those observed in the
VR =0.41 simulation discussed in Cheng and Constantinescu [11]. The higher value of
the Richardson number was only partially responsible for the stronger stratification effects
and mixing between the two streams observed in the Ri=1.89, VR =0.08 simulation. The
other major contributor was that the Segre River tributary contained the denser fluid in
the VR=0.08 simulation while it contained the less dense fluid in the VR=0.41 simula-
tion. As a result, the intrusion of heavier fluid near the bed and of lighter fluid near the
free surface developed in opposite directions in these two cases. This resulted in different
mean flow patterns and major differences in the dynamics of the large-scale eddies gener-
ated inside the upstream part of the confluence hydrodynamic zone in the VR =0.41 and
VR =0.08 cases with Ri>> 0. Another important observation is that the discharge ratio in
the VR =0.08, Ri=1.89 case was about 0.04, which means that the flow conditions in this
case are close to those when a river is in contact with a reservoir containing denser fluid.
For such conditions, buoyancy effects (e.g., lateral near-bed intrusion of heavier fluid into
the main tributary) play a major role in the interaction between the two streams starting at
the confluence apex. This is very different compared to most of the cases analyzed in the
literature where stratification effects on the flow structure and mixing driven by stratifica-
tion become important only in the downstream part of the confluence hydrodynamic zone.
Despite the development of lateral intrusions of denser fluid near the bed and of less-
dense fluid near the free surface (e.g., of a spatially developing lock-exchange-like flow
away from the confluence apex), the basic (free-surface) mixing pattern predicted in the
VR =0.41 Ri=0.67 simulation was the one commonly observed at most confluences. The
flow from each tributary remained on the same side of the main channel and most of the
mixing took place at the interface separating the two regions. The same mixing pattern was
observed in the no-density-effects (Ri=0) cases where, not surprisingly, no lateral intru-
sions of fluid from one region into the other one were observed along the mixing interface.
By contrast, the free-surface mixing pattern was very different in the VR=0.08, Ri=1.89
simulation where three regions were present starting some distance from the confluence
apex. Part of the incoming denser fluid from the Segre River remained on the same side
of the main channel and moved parallel to the North Bank. Next to it, a region contain-
ing the less-dense fluid from the Ebro River was present. A region containing fluid with
a density that was larger than that of the Ebro River was present near the South Bank.
Such a flow distribution is impossible to occur in the absence of strong stratification effects
that can generate a two-layer flow close to the confluence apex, where the denser flow in
the lower layer and the less-dense flow in the top layer are moving in different directions.
Near the free surface, the flow from the Segre River moved toward the bank containing the
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confluence apex and then plunged down to form the near-bed current of denser fluid. This
current moved across the main channel to reach the South Bank. From there it emerged
back to the free surface and continued as a current moving in the vicinity of the South
Bank, thus explaining the formation of the third region.

It is also relevant to mention that for large density differences between the flows in the
main river and its tributary, the denser flow can plunge rapidly such that no visible mixing
is observed near the free surface and the main channel contains only less dense fluid at the
free surface. Such a case was documented at the confluence of the Rio Uruguay and one
of its tributaries in Argentina where the denser stream carries lots of sediment including
iron-reach earth [2]. The only possibility is that the denser fluid plunges toward the bed and
most of the mixing with the surrounding less-dense fluid occurs bellow the free surface.
Another relevant example is the concordant bed confluence between the Negro River and
the Solimoes River which is characterized by different temperatures and sediment loads in
the two tributaries. Though at most times the temperature difference is only 1-2 °C [26],
sometimes the temperature of Rio Solimoes can be about 6 °C lower than that of the Rio
Negro [3]. Furthermore, Rio Solimoes carries lots of sediment, which further acts toward
increasing the density difference between the two streams. When such conditions occur,
near the free surface, the less dense fluid from the Rio Negro is surrounded on its both
sides by denser fluid originating in the Rio Solimoes for some distance downstream of the
confluence apex. Such a flow pattern is impossible to be observed in the absence of strong
density-difference effects and is consistent with the patterns observed near the free surface
in the VR =0.08, Ri=1.89 simulation.

The large degree of bed discordance, the large difference of the bed elevations on the
North Bank and South Bank sides of the main channel and the large-width of the small-
discharge tributary resulted in a strong increase of the flow three-dimensionality especially
close to the confluence apex. Meanwhile, no SOV cells formed in the region where the two
streams collided. This was true for both the Ri=0 and Ri=1.89 VR=0.08 simulations,
but 3-D effects were stronger in the Ri=1.89 simulation. For example, in both cases large
recirculating flow eddies formed near the confluence apex via the merging of KH vortices
shed inside the SSL forming on the Ebro River side of the confluence apex. The formation
and shedding of these eddies was close to periodic, though the period was more than one
order of magnitude larger in the Ri=1.89 simulation. In both cases, the vertical transport
inside the cores of these eddies was significant. However, in the Ri=1.89 simulation, these
eddies were much larger and penetrated until the North Bank, where they started dissipat-
ing via interaction with the bank line. Their capacity to mix fluid as they moved away from
the confluence apex was significant. The formation of the near-bed current of denser fluid
and the mixing taking place at the interface with the fluid originating in the Ebro River
provided another mixing mechanism not present in the Ri=0 simulation.

Simulations conducted with VR=0.08 and with the denser fluid in the low-discharge,
shallower tributary showed that density contrast acted toward sharply increasing mixing
between the two streams. The volume of well- mixed fluid was about 4 times larger in
the Ri=1.89 simulation compared to the Ri=0 simulation at about 350D from the conflu-
ence apex. An increase of mixing with increased density difference between the incoming
streams was also observed by Lane et al. [25], though in their case the denser fluid was in
the deeper tributary. In contrast to this result, the streamwise variation of the amount of
well-mixed fluid was fairly close in the Ri=0 and Ri=0.67 simulations with VR=0.41.
This shows that stratification induced by density differences between the incoming streams
may induce faster mixing but that the end effect is a function of several other flow and
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geometrical parameters including density ratio between the faster and the slower tributary,
planform geometry, degree of bed discordance, bathymetry and velocity ratio.

The finding that stratification induced by density differences in the incoming streams
can act toward strongly enhancing the overall mixing between the incoming flows is con-
sistent with the findings of Ramoén et al. [38] for the same confluence. It contradicts the
standard assumption that stratification always acts toward weakening mixing because of the
damping effect on the KH billows generated in mixing layers under stratified flow condi-
tions. Moreover, the classical model of two streams flowing side by side while mixing does
not apply for such cases.

Future work is needed to clarify the effect of increasing density contrast between the
two tributaries on hydrodynamics and mixing at confluences with varying degree of bed
discordance. This requires conducting a comprehensive parametric study for idealized-
geometry confluences. The present study assumed that the secondary flow is negligible
in the incoming tributaries. This is not the case if the confluence apex is situated close
to regions of high channel curvature in one or both tributaries. Provided field data are
available, the present model can be used to investigate the effects of secondary flow in the
oncoming tributary. This work considered density differences due to only temperature dif-
ferences between the incoming flows. In many river confluences density contrast is due to
differences in both the temperature and the sediment load of the two tributaries. Stratifica-
tion effects are not expected to be the same if the same density difference between the two
streams is due only to differences in the temperature, only to differences in the sediment
load or to a combination of differences in the temperature and sediment load. Such effects
can be simulated by adding a transport equation for the suspended sediment and/or a bed
load model.
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