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Abstract

Confluences play a major role in the dynamics of networks of natural and man-made open channels, and field measurements on river
confluences reveal that discordance in bed elevation is common. Studies of schematized confluences with a step at the interface between the
tributary and the main channel bed reveal that bed elevation discordance is an important additional control for the confluence hydrody-
namics. This study aimed to improve understanding of the influence of bed elevation discordance on the flow patterns and head losses in a
right-angled confluence of an open channel with rectangular cross-sections. A large eddy simulation (LES)-based numerical model was set
up and validated with experiments by others. Four configurations with different bed discordance ratios were investigated. The results
confirm that, with increasing bed elevation discordance, the tributary streamlines at the confluence interface deviate less from the
geometrical confluence angle, the extent of the recirculation zone (RZ) gets smaller, the ratio of the water depth upstream to that down-
stream of the confluence decreases, and the water level depression reduces. The bed elevation discordance also leads to the development of a
large-scale structure in the lee of the step. Despite the appearance of the large-scale structure, the reduced extent of the RZ and associated
changes in flow deflection/contraction reduce total head losses experienced by the main channel with an increase of the bed discordance
ratio. It turns out that bed elevation discordance converts the lateral momentum from the tributary to streamwise momentum in the main
channel more efficiently.
© 2019 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Stream confluences play an important role in networks of
natural or artificial open channels, as they regulate water el-
evations and transport of sediments, nutrients, and pollutants.
Therefore, confluence hydrodynamics has been the subject
of many field studies, laboratory experiments, and numerical
simulations (Rice et al., 2008; Konsoer and Rhoads, 2014;
Gualtieri et al., 2018; Yuan et al., 2017, 2018; Umar et al.,
2018; Lewis and Rhoads, 2018). Bathymetric surveys in
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river confluences often reveal the existence of a difference in
bed elevation between the tributary and the main open channel
(Kennedy, 1983, 1984; Biron et al., 1996a). Moreover, the flow
patterns of discordant bed confluences are found to be pro-
foundly different from those of concordant bed confluences
(Biron et al., 1996a, 1996b; Bradbrook et al., 2001). Field
studies by De Serres et al. (1999) and Boyer et al. (2006)
indicate that a strong secondary circulation may develop
in the lee of a bed elevation discordance in the confluence
hydrodynamic zone (CHZ). This feature may not only be
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relevant to mixing and scouring processes, but its interaction
with the other features of the open-channel confluence may be
important for the head losses, hence the backwater effects
induced by the confluence. Also, laboratory experiments have
revealed significant differences in flow and turbulence char-
acteristics between discordant and concordant bed confluences
(Biron et al., 1996a; 1996b).

Detailed laboratory (e.g., Weber et al., 2001; Creélle et al.,
2017; Yuan et al, 2018) and numerical studies (e.g.,
Constantinescu et al., 2012, 2014; Luo, 2017) of the hydro-
dynamics of asymmetric confluences of open channels with
equal width often make use of geometrically schematized
configurations with sharp-edged confluence corners. In the
case of concordant beds, such confluences are characterized by
complex hydrodynamic patterns (Fig. 1(a), which is modified
based on Best (1987)), including a zone of flow stagnation at
the upstream confluence corner, a mixing layer between the
merging flows, a separation zone of flow from the downstream
confluence corner (Hager, 1987), and an ensuing shear layer
(Best, 1987). Those patterns are predominantly influenced by
parameters, such as the geometrical confluence angle, the
momentum flux ratio, the cross-sectional shape, and the
Froude number (Fr) of the downstream channel. As mentioned
above, the flow patterns are also significantly influenced by the
bed elevation discordance, which is often modelled as a sharp
step at the interface between the tributary and the main
channel (e.g., Biron et al., 1996a; Dordevi¢, 2013) (Fig. 1(b)).

Notwithstanding the relatively high-resolution data ac-
quired in laboratory experiments of confluences with concor-
dant (e.g., Weber et al., 2001) or discordant beds (e.g., Biron
et al., 1996b), these experimental datasets do not allow for
quantitative characterization of all important flow structures.
Actually, there is still some controversy regarding the flow
structure of open channel confluences, as discussed by Rice
et al. (2008), Pouchoulin et al. (2018), and Ramos et al.
(2019). Biron et al. (1996b) have also shown that some
intermittent phenomena are not easily captured in experi-
ments. As Biron et al. (1996b) and Bradbrook et al. (2001)
explained, the flow structure in open-channel confluences
contains unstable phenomena, and the monitoring of such

features requires a dense array of simultaneous velocity
measurements. Therefore, numerical tools are important in
producing additional data for the study of the CHZ. Discordant
bed confluences have been studied based on a Reynolds-
averaged Navier-Stokes (RANS) model (e.g., Huang et al.,
2002; Dordevi¢, 2013) or tools based on eddy-resolving
methods, such as large eddy simulation (LES) (e.g.,
Bradbrook et al., 2010). The use of LES for the study of open-
channel confluences was motivated by Bradbrook et al.
(2010), Schindfessel et al. (2015), and Ramos et al. (2019).
In LES, the flow and turbulence are for the most part resolved
on the mesh (Rodi, 2017), which enables a more thorough
study of hydrodynamics in an open-channel confluence.

The aim of the present study was to investigate with LES
simulations the effect of differences in bed elevations between
the tributary and main channel on confluence hydrodynamics
in a right-angled open-channel confluence. Specifically, the
impacts on flow deflections, recirculation zone dimensions,
and secondary flow in the lee of the step were examined.
Ultimately, the effect of those flow patterns on the open-
channel confluence head losses was investigated.

First a concordant bed case studied experimentally by
Weber et al. (2001) was simulated to validate the numerical
model. Then, the tributary in the model was made shallower
by introducing a sharp discordant step. Three simulations with
different bed discordance ratios were carried out. Each
discordant ratio corresponded to a different phase within the
scouring process in nature, and normally, the final bed eleva-
tion discordance did not exceed 50% of the water depth
downstream of the confluence zone (Kennedy, 1983).

2. Numerical methodology and model verification
2.1. Numerical framework

The numerical simulations in the present study were con-
ducted with OpenFOAM version 5.0, which is an open-source
computational fluid dynamics (CFD) software programmed in
C++. This toolbox provides a flexible and programmable
environment, and can be used to solve the governing equations
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Fig. 1. Flow patterns in a right-angled open-channel confluence.
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for an incompressible, viscous flow. To model the turbulent
nature of these flows, LES was used in this study. As a
subgrid-scale (SGS) model, the standard Smagorinsky model
was used, with a constant Cs of 0.158 (Rodi et al., 2013;
Schindfessel et al., 2015). Further details of this model can
be found in Schindfessel et al. (2015) and Ramos et al. (2019).

2.2. Hydraulic conditions

First, a confluence with a concordant bed in an open
channel, with a width of W = 0.914 m, was simulated, for
which experimental data were available. More specifically,
the case of Weber et al. (2001), with a discharge ratio of ¢ =
0.58, was used to validate the numerical model, where g =
Qu/Qd = Qu /(Qu + Qt)? with qu Qda and Ql being the
discharges of the upstream and downstream main channel
and tributary of the open channel, respectively. Then, the
model geometry was modified by introducing a step at the
interface between the tributary and the main channel to
elevate the bed level of the tributary. The bed discordance
ratio or relative step height (o) is defined as 0 = s/hq, where
s is the step height, and %y is the downstream water depth.
Three configurations with different bed discordance ratios
(¢ = 0.10, ¢ = 0.25, and ¢ = 0.50) were simulated. For
each of the discordant bed cases, the downstream water
depth (hg) and the discharges in the branches of the conflu-
ence (Q, and Q) were kept identical to the values adopted in
the concordant bed case (¢ = 0) in this study, i.e.,
hq = 0.308 m, and Q4 = 0.170 m’/s. As a consequence, the
discharge ratio was identical for all cases, but the flow ve-
locity in the tributary (U,) increased with ¢ (Table 1). This is
a common approach in the study of open-channel conflu-
ences with discordant beds (Biron et al., 1996a, 1996b;
Dordevic¢, 2013). The study cases, sharing the same Froude
and Reynolds (Re) numbers, with Fr = 0.37, and Re =
111000, are shown in Table 1.

Table 1

Study cases.

v U,/ Uq o U/ Uq
0 0.418 0.25 0.557
0.10 0.464 0.50 0.836

Note: Uy is the flow velocity in the downstream
main channel.

Table 2
Numbers of mesh cells.

2.3. Computational meshes

The computational domain was discretized by means of
structured meshes. The numbers of the cells in the main
channel and in the tributary are presented in Table 2. The
meshes were graded such that a higher resolution was obtained
in the confluence zone.

2.4. Boundary conditions

In order to obtain a fully developed turbulent inflow in the
main and tributary channels, the inlet velocities were simu-
lated by means of a periodic boundary condition (Fig. 2). A
fraction of random turbulence was added. As the downstream
outlet boundary condition, the pressure was specified and a
Neumann boundary condition was imposed on velocity. The
boundary layers along the glass walls were not fully resolved,
but the LES computations were combined here with a three-
layer model (Schindfessel et al., 2015).

Regarding the treatment of the free surface, given the
moderately low Froude number (Fr<0.37), the numerical
treatment was done by means of a flat rigid lid. The advan-
tages and shortcomings of such an approach were debated for
the same geometry with a tributary-dominant discharge ratio
in Ramos et al. (2019). In contrast to that case (g = 0.25), the
three-dimensional (3D) flow in the hydraulic conditions in
this study (¢ = 0.58) did not suffer from limitations of over-
simplification in a substantial way. Therefore, the presented
results are based on simulations, in which the free surface
was treated as a flat, horizontal, and frictionless rigid lid at the
top boundary, which was located at a vertical distance hq
and A, (hy = hq — s) above the bed of the main channel and the
tributary, respectively. For discussion on the rigid-lid approach
in other flow cases, see Constantinescu et al. (2012) and Kara
et al. (2015).

2.5. Model verification

For the verification of the numerical model, the guidelines
of Pope (2004), Lane et al. (2005), and Blocken and Gualtieri
(2012) were largely relied upon.

2.5.1. Intended use and specification of modelling
Given the ultimate goal of the present study, i.e., investi-
gating the influence of bed elevation discordance on head

a Result of main channel Result of tributary Total number
Longitudinal Lateral Vertical Longitudinal Lateral Vertical of cells
Length (m) Number Width (m) Number Height (m) Number Length (m) Number Width (m) Number Height (m) Number

of cells of cells of cells of cells of cells of cells

0 11.882 1130 0914 90 0.308 45 4.57 500 0.914 90 0.308 45 6601500

0.10 11.882 1130 0914 90 0.308 45 4.57 500 0.914 90 0.277 40 6376500

0.25 11.882 1130 0914 90 0.308 45 4.57 500 0914 90 0.231 34 6106500

0.50 11.882 1130 0914 90 0.308 45 4.57 500 0.914 90 0.154 23 5611500
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Fig. 2. Boundary conditions and dimensions of numerical domain
(probe is at half-depth, with z = hq/2).

losses in the CHZ, the purpose of the numerical model was,
therefore, to simulate as accurately as possible the recircula-
tion zone (RZ) dimensions and the other secondary flow pat-
terns in time-averaged flow fields.

2.5.2. Estimation of performance criteria and conditional
verification

2.5.2.1. Mesh independency test

The meshes used in this study (section 2.3) were defined
on the basis of a mesh sensitivity and independency analysis,
as well as on the validation described in section 3.1.

2.5.2.2. Determination of solution convergence, solution ac-
curacy in time, initialization, and averaging time

The governing equations were discretized by means of the
finite volume method, adopting second-order accurate
schemes in time and space. The resulting equations were
solved in a segregated process using an iterative sequence
and coupled using the pressure-implicit with splitting of
operators (PISO) algorithm. In all the four simulations, the
time step equalled 0.025s, resulting in an average Courant-
Friedrichs-Lewy (CFL) number of about 0.15 and a
maximum CFL number of about 1.5. Note that the adopted
implicit time stepping method was unconditionally stable.
For further details about the choice of numerical parameters
in the present model, see Schindfessel et al. (2015).

To obtain the LES results in this study, the simulations
advanced more than 600 s before the data collection started.
This initialization time corresponded to 337 (where T =
12W /Uy is an approximate flow-through time for the main
channel with a length of 12W). Data collection and time
averaging spanned an additional 757 of simulation (1350 s).
Fig. 3 shows the instantaneous velocity components along
those intervals of time in the middle of a cross-section of the
main channel located slightly downstream of the confluence
(at the probe indicated in Fig. 2). In Fig. 3, u, v, and w are the
flow velocity components in the streamwise, lateral, and ver-
tical directions, respectively. A fast Fourier transform (FFT)
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Fig. 3. Velocity components at location of x = 1.33 W, y = W/2,
and z = hq/2.

analysis was carried out, without any dominant frequency
being found.

2.5.2.3. Wall-normal distance of first grid cell

As a consequence of the use of wall functions, the
dimensionless wall-normal distance of the first grid cells (y™)
along the sidewalls and the bed should meet the criterion of
30 <y < 300 (Keylock et al., 2012). This condition was met
for all the simulations, with y* being usually above 30,
except for the zones of low flow velocity. These minor ex-
ceptions were expected and accepted, especially in the stag-
nation zone (McSherry et al., 2017; Schindfessel et al., 2015;
Schindfessel, 2017).

2.5.2.4. Verification of turbulent kinetic energy (TKE) being
sufficiently resolved

Since LES is based on the assumption that the subgrid
scales can be modelled by an SGS model, Pope (2004) rec-
ommended that at least 80% of the TKE (k) is resolved on
the mesh, according to Eq. (1). Fig. 4 shows that more than
80% of the cells, in each of the four simulations, meet Pope's
criterion.

1 S R I
Kies =3 (u’2 +v% 4+ w’2> (1)

where ', V', and w' are the velocity fluctuations in the

streamwise, lateral, and vertical directions, respectively; and
the overbars represent time-averaging.

2.5.3. Computational resources and time

The simulations were computed on a 4 x 8-core Intel Xeon
E5-2670 (Sandy Bridge @2.6 GHz) at Ghent University. The
total computational expense of a simulation was roughly 4600
CPU hours. An advantage of OpenFOAM is the parallelized
code at a fundamental level, allowing for easy programming
and running in parallel. In this study, the numerical domain
was decomposed into 32 sub-domains. Therefore, the real
computational time was about 144 h for each simulation.



Percentage of resolved TKE (%)

Fig. 4. Percentage of TKE resolved on mesh for each of four simulations.
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3. Results and discussion

3.1. Validation against experimental data for concordant
bed case

First, the numerical model was validated with the experi-
mental data of water depth (&) for the concordant bed case
(¢ = 0) acquired by Weber et al. (2001). Fig. 5 shows the
agreement between the measured water depths and the
numerically predicted water depths in the symmetry plane
(y/W = 0.5) of the main channel, where the latter were ob-
tained by converting the predicted time-averaged pressures on
the rigid lid to those on a virtual free surface (Rodi et al.,
2013; Ramos et al., 2019).

A comparison of measured and predicted profiles of the
time-averaged streamwise velocity component (U) at five
different locations along the symmetry plane in the main
channel is shown in Fig. 6. The overall agreement is fair,
although the water level depression in the flow contraction
zone was slightly underestimated (Fig. 5(c)). However, the
velocity dip near z/hq=1 was only captured by the model at
the locations of x/W > 2.33, and the model did not capture
the velocity dip in the near-bed region around z/hg= 0.1.

The TKE profiles at five locations along the plane of
/W = 0.125 of the main channel, which contains the higher
turbulent kinetic energy, are presented in Fig. 7, in which ke
is nondimensionalized with respect to U3, i.e., kK* = kes/U3.
Some differences are noticeable, which may be partially due to
the lower temporal resolution of the acoustic Doppler veloc-
imetry measurements in Weber et al. (2001), as mentioned in
Huang et al. (2002).

3.2. Concordant vs. discordant beds

With the validated model, the three cases of bed elevation
discordance (¢ = 0.10, ¢ = 0.25, and ¢ = 0.50) were
simulated.

The predicted water depths along three longitudinal tran-
sects of the main channel for the concordant and two discor-
dant bed cases are shown in Fig. 8. It can be seen that, with an
increase of the bed discordance ratio, the water level depres-
sion in the flow contraction zone becomes smaller. Note that
the ratio of the water depth upstream to that downstream of the
confluence also decreases when the height of the step
increases.

Fig. 9 gives an overall impression of the streamlines orig-
inating from the tributary flow for the cases ¢ =0 and ¢ =
0.25. These streamlines were initiated at an elevation of 50%
of the water depth iy above the main channel bed.

In both ¢ = 0 and ¢ = 0.25 cases, the streamlines start to
deviate from the longitudinal axis of the tributary before the
tributary flow reaches the confluence interface. This causes the
flow angle 8 (as shown in Fig. 2) at the confluence interface to
deviate from the geometrical confluence angle (o« = 90°).

For different bed discordance ratios (6 = 0,0 =0.10, 0 =
0.25, and ¢ = 0.50), the variations of 8 at different elevations
above the corresponding tributary bed are shown in Fig. 10.
It can be seen that the flow angle 8 increases with the bed
discordance ratio at different elevations, which means that the
tributary flow is less deflected with an increasing bed discor-
dance ratio, as was found in the RANS-based model results of
Dordevic¢ (2013). These findings are related to the 3D complex
flow effects due to the interaction of the merging flows and the
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Fig. 5. Comparison of predicted and measured water depths for different longitudinal transects of main channel in concordant bed case.
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Fig. 8. Water depths along three longitudinal transects calculated with pressures on rigid lid for simulations in different cases.

step (including upwelling effects, visible in Fig. 9), as well as
to the increase of the tributary flow velocities with increasing
step height (section 2.2).

Fig. 9 also reveals that in both the concordant and discor-
dant bed cases, the tributary flow separates at the downstream
confluence corner, forming an RZ. The dimensions of the RZ
can be delineated from the predicted velocity fields in different

manners (Schindfessel et al., 2015). Here, the so-called isovel
method is applied, which delineates the dimensions of the RZ
by means of the line of zero longitudinal velocity. The lengths
(Lrz) and the maximum widths (Wgy) of the RZ are shown in
Fig. 11.

Note that in Fig. 11 the RZ dimensions become smaller for
a higher discordance ratio. This is also visible in Fig. 12,
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Table 3

Head loss coefficient for main channel.
[ Em a gm

0 0.374 0.25 0.206
0.10 0.352 0.50 0.086

where, for each of the four cases, the extent of the RZ is
shown (dashed line) in the cross-section pertaining to its
maximum width. It is apparent from Fig. 12 that the location
of the maximum RZ width moves closer to the conflu-
ence when the bed elevation discordance increases. Unlike
=0 and ¢ =0.10 cases, where the RZ exists up to the
upper boundary (i.e., the flat rigid lid), the RZ in ¢ = 0.25
and o = 0.50 cases does not exist near that boundary. The
results in Fig. 11 also suggest that there are no conditions for
the development of an RZ at elevations below the tributary
bed level, which is related to the upwelling flow near the
downstream confluence corner (see Fig. 9). This observation
agrees with the RANS-based model results of Dordevic
(2013). Besides the detachment at the downstream conflu-
ence corner and the subsequent formation of the RZ, the
tributary flow in discordant bed cases also detaches from the
brink of the step. Due to the interaction with the flow coming
from the upstream main channel, a large-scale structure de-
velops in the lee of the step and below the RZ. Instead of
quantifying the secondary flow by means of a vertical gradient
of transversal velocity components (e.g., Karami et al., 2017),
the aforementioned large-scale structure that passes under-
neath the RZ is visualized (colour plots in Fig. 12) by means
of the so-called Q-criterion (Hunt et al., 1988; Dubief and
Delcayre, 2000). The Q-criterion makes use of the time-
averaged velocity gradient tensor to visualize coherent flow
motion. Note that in the cases with bed discordance, the size
of the 3D vortex tube has a diameter roughly equal to the
corresponding step height. The strength of the associated
vorticity, i.e., the magnitude of the Q-criterion value, also
seems to grow with the bed discordance ratio.

The complex flow patterns in the CHZ affect head losses.
In the concordant bed case, the flow in the main channel
experiences head losses that are mainly due to the presence of
the RZ (contraction-expansion). Due to the reduced size of the
RZ in the discordant bed case, the associated head losses
should decrease. However, the appearance of the large-scale
structure (Fig. 12) and other changes in the secondary flow
patterns may lead, in principle, to additional head losses.
Therefore, the influence on the total head losses, induced by
the bed elevation discordance, needs to be assessed. To this
end, the head differences between the main channel's cross-
sections at x/W = -2 and x/W =6 were determined,
where the head in a cross-section was obtained by integrating
the total time-averaged pressures (i.e., the sum of the static
and dynamic pressures) over the cross-sectional area. For each
of the four simulations, the head difference was
nondimensionalized by the cross-sectionally averaged velocity
at x/W = 6 (which was equal to 0.604 m/s for all the four

simulations). The corresponding head loss coefficients (&,
with the formula shown in Ramos et al. (2018)) are presented
in Table 3 and can be seen to decrease with the bed discor-
dance ratio.

The observed decrease of head losses with the increasing
bed discordance ratio agrees with Fig. 8, where the ratio of the
water depth upstream to that downstream of the confluence
was also found to decrease with an increase of the bed
discordance ratio.

4. Conclusions

(1) The angles of the tributary streamlines at the confluence
interface deviate less from the geometrical confluence angle
(90°) with the increasing bed elevation discordance. This is
due to the complex 3D flow features near the interface be-
tween the tributary and the main channel, as well as the in-
crease of tributary flow velocities as the discharge ratio is
maintained constant.

(2) An increase in bed elevation discordance leads the
tributary flow into the RZ, which is shallower and situated at
a higher elevation above the bed of the main channel. With
the increase of the bed discordance ratio, the ensuing 3D
flow yields, among other effects, a smaller extent of the RZ.
The location of the maximum RZ width shifts towards the
confluence. For higher bed discordance ratios, i.e., ¢ > 0.25,
the size of the RZ is reduced and even gets eliminated in the
proximity of the free surface. In the presence of bed eleva-
tion discordance, the RZ vanishes below the level of the
tributary bed.

(3) The head losses over the confluence zone of the main
channel decrease with the increasing bed discordance ratio.
This reduction is caused by two counter effects: an increase in
head losses due to the formation of the large-scale structure in
the lee of the step, and a larger decrease in head losses due to
the formation of a smaller RZ.
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