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Abstract: River channel confluences are rather important interfaces where intense changes in physical,
mixing and sediment transport processes occur. Following an experimental campaign, the main flow
mechanisms in confluences and the development of the shear layer formed between the two tributary
flows are presented. As the experimental flow cases comprised changes in the flow discharge and
channel widths of the tributaries, the influence of width and discharge ratios on the turbulent flow
structure and shear layer is also evaluated. Main findings indicate that changes in the difference
between momentum ratio in the tributaries have a significant effect on the magnitude and location of
flow mechanisms.
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1. Introduction

Confluences of two streams with different characteristics such as velocity, directions
or sediment concentration generate rather complex flow structures. The achievement of a
successful fluvial restoration in the context of water management is only possible if the
flow mechanisms are fully perceived so it is paramount to understand such structures. As
pointed out by Rice et al. [1], the scientific developments in this field may be used for the
design of fluvial confluences as well as to avoid issues related to flooding, ice jams and
riverbed and bank instabilities.

Due to its importance, the hydrodynamic characterization of the flow mechanisms
in confluences has been studied for a long time (e.g., Weber and Greated [2]). The work
of Mosley [3] studied the effect of two key factors—junction angle and discharge ratio
between the two tributary streams—and is nowadays recognized as the seminal study in
the characterization of the flow in confluences. Moreover, the same author introduced the
distinction between symmetrical and asymmetrical confluences depending on if the conflu-
ent channels (also called tributaries) form a new joint channel downstream or if they join
laterally to a main channel. The knowledge of flow mechanisms in river confluences may
be useful for several disciplines such as river management, geomorphology, sedimentology
as well as turbulence and hydraulic modelling.

Best [4] identified six main flow elements in river confluences, namely: flow stagna-
tion, flow deflection, flow separation, maximum velocity, flow recovery, and shear layers.
Furthermore, Rhoads and Sukhodolov [5] and Riley and Rhoads [6] pointed out the forma-
tion of secondary currents induced by the lateral pressure gradient due to the deflection of
the converging flows along the mixing interface. The regions where these flow elements
take place are depicted in Figure 1 for symmetrical confluences.
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Figure 1. Flow elements in symmetrical confluences (adapted from adapted from [6]).

These elements are recognized to influence the accumulation of contaminated sedi-
ments in some river locations ([7]) and they are mainly controlled by the junction angle,
momentum and discharge ratio of the tributary flows and planform symmetry ([1,3,8]).

In symmetric confluences, the increase in junction angle, 6, leads to the increase in
the flow stagnation and separation areas [6]. Riley and Rhoads [6] point out the strong
influence of momentum ratio on the flow deflection. Yu et al. [7] investigated both morpho-
dynamics and deposition patterns of contaminated sediments as a function of geometric
and flow conditions and suggested that the junction angle and discharge ratio are crucial
to understand the bed morphology and sediment transport pattern in confluences.

The numerical study conducted by Bradbrook et al. [9] highlighted the importance of
junction angle, topographic forcing, and turbulence on the flow mechanisms in confluences.
The authors explain the controls upon flow structure generation for laboratory and field
confluences and identify the main factors for the characteristics of complex flow structures.

Yuan et al. [8] investigated the turbulent flow structure of in a confluence emphasizing
the distortion of the shear layer. The study analyzed hydrodynamics and turbulence
characteristics focusing on mean velocity field, Reynolds shear stress, turbulent kinetic
energy, turbulence spectrum, and occurrence probabilities of quadrant events. The authors
observed the development of strong helical cell in the cross sections when the tributary
channel had a higher flow rate than the main channel. Reynolds shear stress, the maximum
turbulent kinetic energy and occurrence probability of ejection and sweep events were
mainly distributed within the middle zone of the water depth, rather than near the water
surface, which is consistent with the distortion of shear layer. With a constant discharge
ratio, an increase in the discharge of both channels resulted in an increase in velocity,
turbulent kinetic energy, and the absolute values of Reynolds shear stress. The shear layer
distortion is observed at a larger extent as the discharge of each channel decreased.

Rather different flow patterns can be observed if tributaries have different bed eleva-
tions (i.e., discordant confluences). De Serres et al. [10] studied the influence of momentum
ratio in the flow mechanisms of confluence flows with discordant confluences. The authors
identified the distortion of the mixing layer and a strong flow upwelling. The sediment
transport and the riverbed morphology were associated to the vortices in the mixing layer
zone. Canelas et al. [11] conducted an experimental campaign comprising two experiments
with concordant and discordant beds between the tributaries. It was observed that, for
the concordant bed case, the flow deflection occurred for the most part in the horizontal
plan whereas for the discordant bed case, the wall-normal jet in cross-flow wraps around
the tributary flow, exhibiting primarily vertical deflection in the direct vicinity of the inner
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bank. Boyer et al. [12] studied the flow structure in a discordance confluence and found
that the bed step between the confluent rivers increases turbulence intensity and enhances
upwelling of flow within the confluence.

Sukhodolov and Sukhodolova [13] studied the processes associated to the generation
of secondary currents in confluences and found that the need for further systematic investi-
gations of the effects of flow separation due to avalanche faces and topographical steering.

The effect of the ratio of the tributary to the main channel width on the flow structure
in rectangular and trapezoidal channels at an asymmetric confluence was numerically
studied in Azma and Zhang [14] who found that the width ratio has a significant effect
on the flow structure and exchange of momentum between main and tributary flow at
the confluence.

Guillén-Ludena et al. [15] carried out an experimental study in a laboratory confluence
with low discharge and momentum ratios to better understand the morphologic processes
with narrow steep tributaries with high sediment load entering a wide low-gradient main
channel. The authors highlight that the bed morphology presented typical features of
discordant confluences, such as an avalanche face at the tributary mouth and a bank-
attached bar along the inner bank of the post-confluence.

The flow mechanisms in fluvial confluences are complex and during recent decades,
several studies were carried out to understand the behavior and the interactions between
each tributary flow. The present study aims at understanding the flow mechanisms in
confluences and the specific influences of tributaries widths and discharge ratios. The
experimental study was carried out in a symmetric subcritical confluence where the trib-
utaries joined at an angle 8 = 50° to form a new downstream channel. Three-component
velocity was collected with Acoustic Doppler velocimetry, and average and turbulent
flow characteristics such as mean velocity field, turbulent kinetic energy, Reynolds shear
stress, fluctuating velocity and secondary currents were analyzed. Moreover, main flow
mechanisms such as development of shear layer or jet flow were identified. In addition,
the influence of width ratios and discharge ratios in the turbulent flow structure and shear
layer is presented.

Besides the flow characterization in confluences, the results may also be useful for
validation of numerical simulations as they stand for six flow cases with different configu-
rations (tributary widths) and discharges.

2. Materials and Methods
2.1. Experimental Apparatus

The experiments were conducted in an approximately 8 m-long symmetrical conflu-
ence flume at the National Laboratory for Civil Engineering (LNEC) in Lisbon, Portugal.
The flume included two upstream concrete channels called tributaries 1 and 2 with widths
(b1 and by) equal to 0.17 and 0.25 m, respectively, and height equal to 0.25 m. Tributaries
joined together with an angle of 50° and formed a new downstream concrete channel with
width, b3, of 0.40 m and height equal to 0.15 m. In order to understand the influence of the
tributary width, during the experimental campaign the width of tributary 2 was decreased
to 0.17 m and a complete symmetrical configuration was obtained.

Figure 2 presents a schematic configuration of the experimental recirculating hydraulic
circuit. Each tributary was fed by dedicated pipes that collect the water from a downstream
tank and fill tanks 1 and 2. The flow discharges to tributaries 1 and 2, Q; and Q;, were con-
trolled by two valves and monitored by two electromagnetic flowmeters with a precision
of 0.01 L/s.

In the very start of each tributary, the flow enters through a 3 cm-diameter circular
honeycomb screen with a length of 30 cm and the same width and height as the channel,
to ensure its alignment and stabilization with the longitudinal axis of each channel (cf.
Smyk et al. [16]).

The subcritical flow depth is imposed by a downstream tailgate.
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Figure 2. Schematic representation of the confluence flume.
2.2. Control Variables and Parameters
The experimental campaign comprised five flow cases. Conditions and main bulk
variables of each one are presented in Table 1.
Table 1. Bulk flow variables for each flow case (FC).
Flow bl bz Ql QZ M1 Mz Rel REZ
Case m (m @shH @LsH DU ems? agms2 MM Frio P g (g9
FC1 0.17 0.25 7 3 0.4 2.86 0.33 8.6 0.60 0.14 7.94 2.69
FC2 0.17 0.25 3 7 2.3 0.49 1.79 0.23 0.24 0.34 3.29 6.29
FC3 0.17 0.25 5 5 1 1.35 0.90 1.5 0.39 0.23 5.44 4.46
FC4 0.17 0.17 5 5 1 1.32 1.34 0.98 0.38 0.39 5.36 5.41
FC5 0.17 0.17 3 7 2.3 0.48 2.62 0.18 0.23 0.54 3.22 7.56

In the table, subscripts 1 and 2 stand for tributaries 1 and 2, respectively. M stands for
the momentum flux, calculated by M = pQU, where p is the volumetric mass density, Q is
the flow discharge and U is the average cross section velocity measured at a distance of
0.2 m from confluence to upstream; Fr is the Froude number calculated using Fr = U/+/gh,
where g is the gravity acceleration and  is the flow depth, and Re is the Reynolds number
calculated by Re = 4UR /v, where R is the hydraulic radius and v is the kinematic viscosity
(an average value of 9.5 x 1077 m?/s).

All experiments were carried out in steady flow, i.e., the flow discharge was kept
constant in each flow case.

A Cartesian orthogonal coordinate system was used. The origin is at the right-hand
side of the joint channel. The instantaneous velocity components 1, v and w correspond to
the longitudinal (x), transverse (y), and vertical (z) directions, respectively.

In order to make results comparable to other studies, whenever possible, joint channel
width, By, and average cross-sectional velocity were used to normalize the corresponding
variables. Therefore, X =x/By;, Y =y/By and Z = z/B,.

2.3. Equipment

Flow depths and velocities were measured within the confluence channel.
The flow depths were measured using ultrasonic-level probes (Baumer UNDK 30)
which use the emission of an acoustic sonic frequency of 240 kHz to determine the dis-
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tance from a given surface reflector with a maximum error of 0.5 mm. In each point, the
measurements were performed for approximately 1 min with a frequency equal to 10 Hz.
These measurements were complemented by measurements made with a point gauge.
Flow depths were obtained by the difference between the bottom and the water surface
elevations with both instruments. Water depths were measured in 10 cross sections that
were located at 0, 10, 25, 35, 45, 70, 85, 120, 140, 180 cm from confluence.

Three component velocities were measured by means of a Nortek Vectrino Accoustic
Doppler Velocimeter (10 MHz with a side-looking probe). The measurements were taken
for 90 s with an acquisition frequency of 100 Hz. Six cross sections at downstream starting
immediately after the joint of the two tributaries were surveyed as presented in Figure 2. In
each cross section, a total of 10 verticals with 8 points each (equidistant in both directions),
were used for flow characterization. Additionally, one cross section in each tributary was
also surveyed. As recommended by the manufacturer, the signal-to-noise ratio (SNR) and
the correlation were monitored and data with values bellow 15 dB and 70%, respectively,
were discarded. To improve the acoustic signal reflection, silica powder was added to the
flow as seeding whenever it was needed. Time-series velocity data were treated through
the proposed change made by Walh [17] of the phase-space threshold despiking method
developed by Goring and Nikora [18].

Automatic displacement was used to move equipment which allowed for the auto-
matic positioning of the equipment in the lateral and vertical directions at a precision of
1 mm. Streamwise positioning was made manually.

3. Results
3.1. Water Depths

As can be shown in Figure 3, the longitudinal profile of water depth in the joint
featured a rather similar pattern for all flow cases. There were no significant and clear
differences between the results of the water depths due to the difference of tributary mo-
mentum and width ratios. In the present case, water depths (equal to approximately
0.1-0.12 m depending on the cross section) were mainly driven by the total discharge, chan-
nel geometry and roughness and downstream tailgate elevation. As all these characteristics
and variables were the same for the five flow cases, the similarity in the water depths was
not surprising. Furthermore, an influence of the tailgate was found in the longitudinal
water depth profile, corresponding to a M1 curve of varied flow (see for instance [19]).
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Figure 3. Longitudinal profile of water depths.
3.2. Mean Flow Characteristics
Figure 4 presents the plan view of the non-dimensional velocity magnitude UV,

defined by UV = 1/ (#)®+ (&)? and the velocity vectors u and v. The measurements

were conducted in eight vertical positions, however for clear presentation, only plan views
at Z =3 and Z = 8 were plotted.
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Figure 4. Non-dimensional time averaged velocity magnitude UV and velocity vectors u and v.

The dominant flow direction was clearly observed in the plots and it was particularly
felt in the region near the water surface. These flow intensities near the surface, which were
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much higher than the flow intensities near channel bed, were attributed to the typical loga-
rithmic streamwise velocity profiles signature in the single upstream tributary channels.

As can be seen in the Figure 4, tributary flows cannot remain attached to the wall in
the joint confluence and in most cases, flow separation was formed near the lateral walls.
This separation zone spread in the streamwise direction in accordance with the velocity
magnitude which seems to depend mainly on the momentum ratio between the tributary
flows. This flow element was observed in whole vertical plans. Near the channel bed, the
strength of this separation zone was higher than near the surface where flow tended to
move streamwise rather than forming separation area.

Flow deflection was observed as soon as the interaction between the tributary flows
started. The direction of the velocity vectors in the plan view indicates this flow element.
Further downstream and specifically in the last cross section, flow recovery was obtained
and spanwise velocity is almost nil.

Regarding maximum velocity, it was particularly evident in the region near the channel
bottom. Moreover, all these typical flow elements were recognized in the plots and will be
further analyzed in Section 4.

The cross-sectional distribution of the non-dimensional velocity magnitude Uy, de-
fined by Ux = u/U is presented in Figure 5. In the same figure, secondary current vectors
(spanwise and vertical velocities) are also presented.

(b) (c) (d) (e)

o

05 1 15 2 25 3 35u/U (-)

Figure 5. Cross-sectional distribution of the non-dimensional velocity magnitude Uy and vectors of spanwise and vertical
velocities, (a) FC1, (b) FC2, (c) FC3, (d) FC4, (e) FC5, 6 lines correspond to cross sections CS1 to CS6 (as presented in Figure 1).
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The cross-sectional velocity vectors reflected the secondary currents formed in the
confluence joint channel. For every flow case, two secondary cells were observed in the first
cross section. These cells stand for the two spiral jets with different magnitudes depending
on the width and momentum ratio. Flow case 1 features high width and momentum ratio
(Table 1) which leads to higher secondary velocities for tributary 1. Due to the much higher
streamwise velocity from that tributary, especially near water surface, this secondary flow
was transported downstream and eventually became the only secondary cells in the cross
sections 2 to 6.

3.3. Turbulence

The turbulent kinetic energy, defined by TKE = 0.5 (W + 00 + w'w ) , where u/, v/

and w’ are the fluctuating velocity components based on the Reynolds decomposition, is
presented in Figure 6.

(b) (c) (d)

RECLEN

(e)
0 025 05 075 1

0 0.25 05 075 10 025 05 075 10 025 05 075 1 0.25 05 075 1

YO

<

TKE (cm?/s?)

Figure 6. Cross-sectional distribution of the turbulent kinetic energy for flow cases, (a) FC1, (b) FC2, (¢) FC3, (d) FC4,
(e) FC5, 6 lines correspond to cross sections CS1 to CS6 (as presented in Figure 1).

According to the figures, there are many factors which need to be taken into consid-
eration, to begin with, TKE gradually decreased towards the channel wall, it was also
decreased towards the bed. Maximum values of TKE occurred at a distance of 10 cm from
the confluence. For flow case 1, given the big difference of momentum flow and velocity
between two tributaries, there was a sharp jet flow which hit the wall approximately in
cross section 6. For other flow cases jet flows were not as sharp as FC1 and the accelerated
flow kept its path and slower flow bends to align itself with the higher momentum flow
when two flow collided at an angle. As can be understood from the main flow elements
in confluences by Best [4], external shear layers are formed between the two converging
flows and internal shear layer are created between horizontal recirculation cell and the
maximum velocity zone.
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Magnitudes of turbulence kinetic energy decrease along the channel for all flow cases
and intensity of TKE moves downwards and toward another tributary.

Momentum ratios for FC3 and FC4 are close together and contribute to two internal
shear layers in cross section 1 and then they are going to mix and create one internal shear
layer. External shear layers are formed between the two converging flows. Intensity of
shear layers increases with increasing momentum ratio.

4. Discussion

Figure 1 presents the main flow elements that may be identified in symmetric conflu-
ence flows. The influence of tributaries discharge, momentum and width ratios on these
flow elements is described herein. The interaction of the flows in the two tributaries with
an angle close to the angle of the channels leads to the deflection of the flow towards the
outer part of the channel wall. Together with this flow deflection, a stagnation area located
in the junction between the tributaries is created. The presence of this area is clear for
instance in Figure 4 for FC3- Z3. Despite the presence of the stagnation area over whole
flow depth, this area is mostly evident near the joint channel bed as can be observed, for
instance, in the cross-sectional streamwise velocity profiles for FC1.

Due to the relatively low angle between tributaries, reverse flows were not observed
which is consistent with the criteria (e.g., [4], Figure 5).

In order to identify the trend of the flow deflection in the streamwise direction, the
average cross-sectional deflection angle, 3, defined by 3 =| tan~'(v/u)l, is plotted in
Figure 7.

16
" FC1
—FC2
12
—FC3
w10 —FC4
< 8
%n —FC5
< %
4
2 .
O T T T T T
0 0.25 05 0.75 1 125

X )
Figure 7. Longitudinal profiles of average cross-sectional deflection angle.

All flow cases present a similar trend.

As the angle of this symmetric confluence is 50°, the angle of each tributary with the
joint channel is 25°. Without any interaction, it would be expected that this 25° could be
observed in the first cross section (distance to upstream section of joint channel equal to
zero). As the actual value is approximately equal to 13° to 15°, it is clear that the flow is
influenced by the downstream conditions. FC1 features the higher average angle (3.

The deflection of flows increases at both higher discharge and momentum ratios as
observed in Figure 4.

In the present confluence, flow direction in the tributaries varies from the direction
of the joint channel. Downstream of the confluence, the directions of the tributary flows
are kept leading to a flow separation when these flows cannot remain attached to the
channel due to the sharp change in wall geometry. The area occupied by this separation
flow element is linked to the confluence angle as it determines the severity of the change of
the boundary geometry (e.g., [4]). Analyzing data from Figure 4, flow separation follows
the momentum ratio directly. Higher discharge and momentum lead to much higher flow
separation in the side of the respective tributary.
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As referred to before, flow separation stands for an area close to the lateral joint
channel where flow is hindered. This flow element reduces the effective flowing which
leads to an increase in the local velocity. The velocity magnitude, Vi, is defined by
Vinag = (u?+0*+w?)%3 and cross-sectional maximum velocity is plotted against streamwise
position in Figure 8.

EFC1
—FC2
—FC3
—FC4
—FC5

15 T T T T T

0 0.25 0.5 0.75 1 1.25
X )

Figure 8. Longitudinal development of cross-sectional maximum velocity.

Maximum velocity is observed for all flow cases. The streamwise position of this
maximum velocity is approximately the same and corresponds to the area where flow
separation is most evident.

In order to further analyze the secondary currents strength in the presented confluence
channel, streamwise development of average cross-sectional velocity, (v? + w?)*> was
computed and plotted in Figure 9.

FC1
—FC2
—FC3
—FC4
—FC5

)]

'S

(v*+w?)%5 (cm/s)
N W

—_
1

0 0.25 0.5 0.75 1 1.25
X )

Figure 9. Secondary currents (02 + w?)05,

The experimental results obtained in this study are presented in Figures 4 and 9 which
reveal that the size, location and strength of the secondary currents are rather influenced
by the momentum ratio. Furthermore, for most of the flow cases, two secondary counter
rotating currents are observed. The strength of these currents has its maximum in the first
cross section in the upstream part of the joint channel and diminishes downstream. For
FC1, much higher momentum is transferred in tributary 1 which leads to the suppression of
one secondary current. This jet flow coming from tributary 1 reached the right wall of joint
channel in the last measurement cross section. The formation of the secondary currents is
caused by the change of the flow direction due to flow deflection of both tributary flows.
This deflection causes a surface radial pressure drop induced by the centrifugal force
creating flow divergence towards the center on the surface and towards the wall near the
channel bottom (e.g., Shakibainia [20]).
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References

After the joining of the two tributary flows and the corresponding separation and
deflection flow regions, velocity pattern becomes more aligned with streamwise direction.
In this so-called recovery element of flow, turbulence intensities decrease, and flow becomes
more stable when compared to region near the confluence.

5. Conclusions

Fluvial management should be based on the knowledge of the flow mechanisms in
rivers. Among other configurations, confluences are important locations where sediment,
velocities and directions of the tributary flows interact.

The flow mechanisms in a symmetrical confluence with a 50° junction angle were
investigated. Flow cases comprised six conditions covering momentum, discharge and
tributary channel width changes.

The hydrodynamic structures in the joint channel were found to be strongly influenced
by the momentum ratio. By changing this ratio, variations on main flow elements in
confluences were found.

As the experiment shows, at the beginning of the new channel, two internal shear
layers are formed if the momentum difference was large which becomes an internal shear
layer as the flow progresses.

Two spiral flows are formed by two tributaries in the new channel and in the end of
channel they mix and create one spiral flow. According to the momentum ratio, different
lengths are needed to form one spiral flow.

The increase in the flow separation is mainly influenced by the maximum flow velocity
which is known to be important in the sediment transport and erosion in confluence
flows. The sharpest jet flow belongs to the flow case 1, which has a largest discharge and
momentum ratios; shear layer is also particularly marked for this flow case.
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