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ABSTRACT: Over the last century, river works were usually done with no regards for the impacts on the ecosystem, 

considerably impoverishing them. However, from the end of the last century, efforts were made to implement sustainable 
river rehabilitation. Good understanding of the river morphology and hydrodynamics is key for successful river rehabilitation 
projects. The present study was developed on this context, where a high angled confluence with high tributary sediment supply 
and low discharge and width ratios was studied. The present experiments showed that some confluence features are different 
when these parameters are adopted. When confluences feature high tributary sediment supply, bed discordance occurs and a 
relatively large bank-attached bar is formed. On the other hand, in the presence of the combination of high tributary discharges 
and low tributary widths, the bed erosion is greatly enhanced at the scour zone, resulting in a greater scour hole. This 
combination also enhances the water jet flowing from the tributary channel, consequently enhancing the flow deflection, 
causing a great part of the width of the main channel flow direction being affected and deflected by the action of the tributary. 
Using this knowledge, confluences which present similar control variables and parameters can be better interpreted, rendering 
possible rehabilitation and future interventions easier. 
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Introduction 

River confluences are complex singularities of natural 
river systems, where two or more rivers join together to 
continue downstream as a single river. A few types of river 
confluences are usually identified, the most common of 
which consisting of a loose-bed main channel joined by a 
sediment laden tributary at a certain angle. Irrespective of the 
confluence type, the convergence of separated water and 
sediment flows creates non-trivial three-dimensional (3-D) 
patterns, hard to understand and characterize due to the 
multitude of variables and variable combinations normally at 
stake. 

Those complex 3-D patterns, including complex 
deposition and erosion mechanisms, induce a wide panoply 
of different habitats, thus contributing to the variety of river 
ecosystems. Also, by supplying sand, water and other 
sediments and food resources, tributary streams influence the 
habitat complexity and biodiversity of the main stream (Rice 
et al., 2008). As such, confluences are relevant generators of 
river heterogeneity, making their understanding an important 
subject. Furthermore, it is important to investigate the effects 
of river confluences on flow structures and patterns, in order 
to better design and manage hydraulic structures in river 
engineering. Despite the complexity, river confluences have 
received comparatively little research attention, probably due 
to the difficulty on their systematic replication in laboratorial 
environment. The natural consequence is that the existing 
knowledge on the topic is rather scarce. 

To change this lack of knowledge, progress is required in 
two key areas. Firstly, the need for additional empirical data 

to evaluate the tributary effects on confluences, hence the use 
of an experimental approach for this research. Secondly, the 
studies on confluences should be supported by intensive work 
that focuses on developing the understanding of each 
individual mechanism which takes part in confluence effects. 
Most studies demonstrate associations between these 
mechanisms and the effects of confluences. However, few 
attempts have been made to isolate the key processes and 
study them in detail. 

This research work focused on analyzing the flow field 
within a laboratory confluence reach where the main channel 
dominated in terms of water discharge and the tributary was 
dominant regarding the sediment transport rate. The 
experimental results will enable the construction of graphical 
representations of the confluence flow fields. Only one 
experiment was carried out in view of the complexity and the 
time required to perform it as well as of the large amount of 
data generated to be analyzed. Yet, it is expected that a greater 
understanding on the effect of the imposed conditions is 
achieved, thus contributing to a deeper and wider knowledge 
on the hydro-morphodynamics of river confluences. 

Hydraulic and sedimentary processes present on 
confluences are extremely complex. However, both 
hydrodynamics and morphodynamics have features that are 
fairly well described. The confluence hydrodynamic 
processes can be divided into six major regions: flow 
stagnation, flow deflection, maximum velocity, flow 
recovery, shear layer and flow separation. The last region is 
replaced by a low velocity zone on top of a bank-attached bar. 



Hydrodynamics of open-channel confluences with low discharge and width ratios 

Page 2 of 10 
 

On the other hand, the morphology characteristics can be 
divided into three main regions: scour zone, bank-attached 
bar and main/tributary channel mouth bars. The mouth bars 
are related to the bed discordance and this discordance affects 
greatly the separation zone, resulting in the previously 
mentioned low velocity zone. 

The laboratory confluence was built in an experimental 
facility located at Instituto Superior Técnico of the University 
of Lisbon (IST-UL). The experiment was initially performed 
under movable bed conditions, with the objective of 
achieving the flume equilibrium. After achieving the 
equilibrium, 3-D point flow velocities were measured by 
using one Vectrino probe with a pre-defined grid of points. 
Finally, the streamlines were obtained by processing the 
results of a large scale PIV technique. 

 
Experimental facility 

The experimental facility was composed by a main and a 
tributary channel (Figure 1). The main channel was a 12,0 m 
long and 1,0 m wide concrete rectangular flume with a glass 
section. Since the width was constant along its full length, the 
main channel upstream width was equal to the post-
confluence channel width (Bd = Bm). Starting upstream, a 
pump that fed a discharge was connected to the main channel 
by a pipe, which was measured by an electromagnetic 
flowmeter, with an accuracy of ~0,1 l/s.  

The discharge could be adjusted by a valve that was 
located between the pump and the main channel, and was 
poured into a chamber that was followed by a flow stabilizer, 
which reduces flow instability. After the flow was stabilized, 
it was accelerated by a bed ramp, which was followed by the 
sand bed. This sand bed was confined by the concrete bed, 
the ramp upstream and a concrete block downstream, which 
could be used to determine the origin of the vertical axis of 
the referential, and the concrete bed below. Both channels had 
their own referential, which each robotic car used to make 
measurements. 

Downstream of the concrete block a sediment trap was 
located, followed by an orifice and an adjustable tailgate. The 
sediment trap configuration leaned towards the right bank of 
the main channel where a pipe, which was controlled by a 
valve, conducted the mix of water and sediments into a tank. 
The orifice was connected to a pipe, also controlled by a 
valve, which led water into another tank that was connected 
to the previous tank through a spillway. These tanks were also 
connected through another spillway to the circuit downstream 
of the tailgate, which leads to an underground reservoir. The 
tributary channel was a 4,5 m long and 0,15 m wide PVC 
rectangular channel that joined the main channel with a 70-
degree angle. 

Robotic cars moved along rails, on both main and 
tributary channels. Both robotic cars had a metallic adapter, 

Figure 1 – Experimental facility. 
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which allowed the installation of measuring probes. 
Topography and water level were measured using Echo-
Sounder and Ultrasound probes, respectively, which had ~1 
mm accuracy. Both robotic cars had one of each type of probe 
attached. The velocities were measured using a Vectrino 
probe, which was attached to the main channel car after 
removing the Echo-Sounder and Ultrasound probes. A grid 
was defined prior to the measurements, which the Vectrino 
probe used as a reference for the points measured. This grid 
was characterized by varying intervals along the channel 
length, which depended on the importance of the area of 
measurement. Naturally, it was denser at the confluence area, 
since this is where the three-dimensional processes are more 
complex, requiring more extensive data. On the vertical axis, 
the grid was characterized by intervals of 0,5 cm, starting 3 
cm below the water surface and ending 2 cm above the bed. 
All the measurements acquired by the robotic cars were 
controlled by the Conflume software, which was developed 
by IST for this particular installation. 

The water surface streamlines were obtained by 
processing the images captured by a high-resolution camera, 
installed on the ceiling above the confluence area. The camera 
position could be adjusted horizontally along a rail, allowing 
the recording of several sub-surface areas of the water 
surface. The objective was to take several images of floating 
styrofoam balls, which flowed downstream, and then draw 
the resulting streamlines from the obtained frames. 
 
Control variables and parameters 

The widths of the tributary and main channels were Bt = 
0,15 m and Bm = 1,00 m, respectively, meaning the value of 
the width ratio adopted in this study was Br = 0,15/1,00 = 
0,15. The junction angle of natural confluences is 
approximately 2π/5 = 72º, according to Devauchelle et al. 
(2012). In this experiment’s case, the adopted junction angle 
was α = 70º, very close to the approximated natural value. 
The main channel discharge was Qm = 43,0 l/s and the 
tributary discharge was Qt = 7,0 l/s and, consequently, the 
discharge ratio was Qr = 7,0/43,0 = 0,16. The solid discharge 
was Qsm = 12,0 kg/h for the main channel and Qst = 30,0 kg/h 
for the tributary channel, resulting in a solid discharge ratio 
of Qrs = 30,0/12,0 = 2,5. The downstream water depth was 
imposed via tailgate adjustment, by using a limnimiter 
installed next to it. The adopted downstream water depth, yd, 
relatively to a referential where z = 0 refers to the top of the 
downstream concrete block on the main channel, right before 
the sediment trap, was yd = 0,10 m. 
 
Experimental procedure 
1. Achieving equilibrium morphology 

Before the experiment, the initial flatbed was prepared 
using well-graded sand, characterized by D50 = 0,86 mm and 
 = 1,36. To speed up the bed topography evolution process, 
initial bed slopes of 0,2 % and 1% were imposed to the main 
and tributary channels, respectively, and a slight discordance 

between both channels was added. This initial state was 
possible to control with the help of the ultrasound probe. The 
initial bed morphology does not affect the equilibrium bed 
morphology since the initial slopes and discordance are lower 
than on equilibrium (Leite Ribeiro, 2012). 

Each run had the duration of 1,5 h and was performed 
under movable bed conditions, while feeding continuous 
sediment supplies to both channels. Since the Ultrasound 
probes do not have to be submerged, the water level 
measurements were done without the need of stopping the 
run. The water level measurements were done after the time 
elapsed for each run was half an hour. After each run, the 
tailgate was slowly raised and the pump discharges were 
greatly reduced, raising the water level and lowering the flow 
velocity, stopping the solid discharge and providing a stable 
environment for the use of the echo-sounder probe. On these 
conditions, the topography was measured and the next run 
began. This procedure was repeated until the equilibrium was 
met, meaning solid output being equal to the input. To assess 
the equilibrium, the sediment transport rate was evaluated by 
weighting the amount of sediments collected by the sediment 
recovery system between runs. After shutting down the 
downstream pump that fed the main channel v-weir tank, a 
valve on the bottom of the tank was opened, draining its 
water, and the sediments were extracted. The time to reach 
equilibrium was 22,5 h. 

Having achieved equilibrium state, the water was drained 
through a drain located at the bottom of the channel, which 
was controlled by a valve. Since there was a relatively high 
discordance between channels, as the water was drained, a 
high downstream velocity flow was created on the tributary 
channel, which could greatly erode the confluence area. To 
prevent this occurrence, the valve was closed almost 
completely, as soon as the flow started gaining velocity. After 
the water was drained, the bed was covered by a layer of 
cement. A layer of varnish was later added, providing a much 
more stable and resistant bed. The outcome of this procedure 
was a “frozen” bed morphology corresponding to the 
equilibrium stage of the movable bed confluence reach. On 
these conditions (final conditions), a final run was made and 
both water level and topography were measured, using the 
respective probes, to account for minor changes on the flow 
and bed conditions. The final run had no solid discharge, 
since the equilibrium was already met. 
 
2. Measuring flow velocities 

After the final conditions for the bed were achieved, the 
preparations for the second phase began. The Echo-sounder 
and the Ultrasound probes were removed from the main 
channel adapter and the Vectrino probe was installed. The 
channels had to, once again, be filled with water, so a small 
discharge was fed to the main channel, the tailgate was 
completely lifted and the flume was slowly filled with water. 
Since the bed was covered by a layer of cement and varnish, 
the raise of the water level caused the compression of the air 
contained in the sand against the impermeable layer, which 
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could damage and alter the bed morphology. To mitigate this 
phenomenon, orifices were done on the impermeable layer 
using a small stake, allowing the passage of the air trapped 
beneath it. 

The flow discharges were then adjusted to the 
experimental values, while the tailgate was slowly lowered to 
achieve the desired flow depth. The first grid part was loaded 
into Conflume, the car was positioned at the first point of the 
grid and the run started. After each run ended, another grid 
part was loaded into Conflume and another run started. This 
procedure was done until all grid parts were treated, 
generating a very large data set, ready to be treated and 
exploited. 
 
3. Drawing flow streamlines 

A styrofoam distributor was installed on the main 
channel, upstream of the confluence, and filled with 
styrofoam balls. A styrofoam trapping net was then placed 
downstream of the main channel. A high definition camera 
was installed on a rail located on the ceiling, above the 
confluence area, and the grid was positioned. Before each run 
began, a single frame was taken with the grid in position. This 
served as referential for each section, providing a metric for 
the processed trajectories. The grid was then removed, 
clearing the section for the upcoming run. After the 
preparations were completed, the first run began. The 
styrofoam was released into the stream using the distributor 
and the camera started recording. The distributor had a 
separator which allowed the release of styrofoam into the 
desired section of the channel. The recording was done by 
taking 100 frames per second, for 20 seconds, resulting in a 
total of 2000 frames per run. Once the run was over, the 
frames were saved into the hard drive and a new run was 
prepared. This procedure was done until all sections were 
covered, while periodically emptying the downstream net as 
needed.  

Finally, having all sections recorded, the frames were 
processed using Matlab. Basically, the raw images were pre-
processed with a contrast function, which also converted the 
peaks into coordinates on a matrix. Using proximity between 
particles found on each consecutive frame and multiple 
mechanisms for error reduction, e.g. eliminating a particle if 
it disappeared during a given number of frames, the 
trajectories were then calculated and saved on individual 
matrixes for each section. The 10 resulting matrixes were then 
joined and a final streamline planview was obtained. 

 
Experimental results 
1. Morphology and water surface configuration 

Using Matlab, it was possible to draw both 2D and 3D 
views of the flume’s bed topography. Only the last 
topographic measurement instant will be used, t = 22,5 h, 
which corresponds to the equilibrium state of the flume. After 
22,5 hours have passed since the beginning of the 
experimental procedure, all morphological properties of 

confluences, according to Best (1988), are present on the 
flume (Figure 2). 

Mouth bars formed at the end of both tributary and main 
channels. The scour hole was very pronounced, with a height 
difference between the deeper zone and the average upstream 
height of 0,175 m. Ripples were formed along the main 
channel. These bed configurations were perpendicular 
upstream of the confluence, but were distorted downstream, 
approximately perpendicular to the bank-attached bar. There 
is also actually another scour zone, due to the forced 
confinement of the flow on the left bank, which reflects it. It 
is clear that a bed discordance between channels is present, 
although not very pronounced. This discordance is about 
~0,05 m. 

 

 
Figure 2 – Bed topography on 2D view. 

The water level dropped 8% between the upstream (x = 0 
m) and downstream limits (x = 9,20 m). The water level 
dropped mostly at around x = 5 m, downstream of the 
confluence. 
 
2. Hydrodynamics 

Starting upstream, the flow seems relatively undisturbed 
by the confluence further downstream. The bed is 
approximately flat and the flow is approximately 
symmetrical, meaning the flow velocities are approximately 
evenly distributed throughout the channel width, which is 
shown through the values of u/U (Figure 3). The values of 
v/U, w/U and vw are roughly zero, indicating low turbulence 
and reinforcing the observation of symmetrical flow. 

 

 
Figure 3 – u/U at section x = 3,38 m. 
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These conclusions can also be drawn by observing the u/U 
planviews (Figure 4), as it is observable that the channel flow 
is approximately symmetrical upstream of the confluence.  

As the main channel flow reaches the confluence, velocity 
begins to decrease at the right bank. This probably happens 
because the tributary flow acts as a wall and effectively 
reduces the main channel flow velocities, deflecting it to the 
outer bank. It was also expected that a rise on the water level 
would be more pronounced than the actual rise of the 
experiment, near the inner bank at the stagnation zone. 

An increase of the transverse velocity, v/U, can be 
observed, starting at x = 3,78 m (Figure 5), which corresponds 
to the deflection caused by the transverse input of the 
tributary, creating a highly turbulent 3D flow field, and this 
velocity is greater near the surface, where the effect from the 
tributary is greater, due to the bed discordance between 
channels. The transverse velocity is greater near the inner 
bank and decreases with the distance from this bank, resulting 
in the flow near the outer bank being mostly unaffected by 
the tributary input for this cross-section. 

Figure 4 also portrays the deflection effect. The flow 
direction starts deflecting as the confluence is approached and 
is stronger near the surface. If we compare this deflection 

with the bed topography presented in Figure 2, it is 
concluded that the flow deflection is related to the existence 
of the main channel mouth bar, and vice-versa. 

 

 
Figure 5 – v/U isolines at section x = 3,78 m, depicting the 
deflection caused by the transverse input of the tributary. 

                     
On Figure 6 a), a clear shear layer is observed where flows 

from main and tributary channels intersect, created by strong 
velocity gradients. The relative velocities have negative 
values, portraying a direction opposite to the main channel 
flow direction. These shear layers are characterized by high 
turbulence intensity, generating a complex three-dimensional 
flow. By also observing a cross section near that area, an 

Figure 4 – u/U planviews with bed topography overlay, for z = 0,09 m and z = 0,05 m. 



Hydrodynamics of open-channel confluences with low discharge and width ratios 

Page 6 of 10 
 

upwelling of the flow near the surface can be seen, as shown 
in Figure 6 b). 

 

Figure 6 – a) Shear layer that starts upstream of the 
confluence on planview. b) Flow upwelling near the upstream 

corner of the confluence, on section x = 3,83 m.  

By comparing the observed shear layer with the 
topography presented on Figure 2, a relation can be observed 
– the shear layer matches, almost perfectly, with the 
preferential flow corridor, or maximum velocity zone, 
delimited by the avalanche faces. At this zone the flow 
velocity is higher, as it delimits an area of the channel where 
the combined flows must pass. As such, this zone is of great 
importance regarding bed erosion and sediment transport, and 
is where the most accentuated bed scour is observed. Around 
70% of the width of the main channel flow is affected and 
diverted by the action of the tributary. 

As observed earlier, at the upstream corner of the 
confluence the flow coming from the tributary is so strong 
that actually inverts the flow direction coming from the main 
channel, turning it upstream. The stagnation zone is pretty 
small due to this effect, although near zero velocities can be 
seen when observing the cross section at x = 3,78 m. Scour 
starts appearing at this section and aggravates downstream. 

Although this flow inversion phenomenon occurs, a part 
of the main channel flow plunges bellow the tributary flow, 
which can be hard to see in all cross sections, since there is 
no data of velocity when the distance relatively to the bed is 
approximately less than 0,02 m. However, when observing 
the cross sections closely, the u component of the flow 
direction is above zero near the bed, which indicates that the 
flow from the main channel was not deflected by the tributary 
(Figure 7). 

The two-layer flow structure presented on Figure 7 is 
related to the existing bed discordance, which nullifies the 
model of flow recirculation described by Best (1987). 
However, Biron et al. (1996) foresaw this and described the 
flow upwelling generated by the bed discordance, which 
applies to the current study. This two-layer flow structure is 
composed by an upper layer and a lower layer. The upper 
layer consists of flow from the tributary channel, which enters 
the main channel with an angle that is slightly lower than the 
junction angle, obstructing the flow coming from the main 
channel. The lower layer flow consists of obstructed flow 
from the main channel, which flows under the upper layer 
flow. This lower layer collides with the bank-attached bar and 
leads to an upwelling zone near the downstream confluence 

junction corner (Figure 8). This near-bed flow prevents the 
formation of a zone of flow recirculation at this depth. 

 

 
Figure 7 – Extract from cross sections x = 3,83 m (a), x = 3,88 

m (b), x = 3,92 m (c) and x = 3,96 m (d), for u/U isolines, 
indicating passage of main channel flow below tributary flow. 

 
Figure 8 – Extract from cross sections x = 4,00 m (a), x = 4,04 
m (b), x = 4,08 m (c) and x = 4,13 m (d), for vw “streamlines”, 

indicating upwelling zone.  

The difference between upper and lower layers of the flow 
lead to different layer velocities. This can be clearly seen by 
observing Figure 4. As previously said, about 70% of the 
width of the flow is diverted by the action of the tributary near 
the surface. This changes drastically at deeper levels. At z = 
0,05 m the affected width of the main channel flow is around 
40%. 

Starting at around x = 4,00 m, there is a relevant velocity 
decrease and flow recirculation occurs. This can be seen at 
Figure 9, and happens in a relatively small area. Recirculation 
happens near the inner bank until around x = 4,40 m, but with 
no data of the velocities to back it up – measurements at less 
than ~0,05 m from the inner bank were not made – it is hard 
to validate this assumption. This assumption was made based 
on observations of the flow in situ, by noticing small sand 
particles getting systematically trapped around this location. 
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Figure 9 – Detail of the separation zone for z = 0,05 m. 

A separation zone is also formed near the surface, 
matching Biron et al. (1996) observations, although the 
velocity reduction is less significant (Figure 10). According 
to these observations, for discordant beds, even though the 
separation zone is destroyed near the bed, it does exist near 
the water surface. In the present study, however, the 
separation zone is more significant at a deeper depth than at 
the surface, weakening again as the bottom is reached. The 
most likely reason for this result discrepancy is the 
equilibrium state morphology used on the present 
experiment, which simulated mobile bed conditions, 
contrasting with the fixed bed conditions of Biron et al. 
observations. The separation zone location matches with the 
upstream-most part of the bank-attached bar, seen at Figure 
2. 

 
Figure 10 – Detail of the separation zone for z = 0,09 m. 

     The very strong vertical motion that is formed right near 
the downstream confluence junction corner (Figure 8) is the 
cause for the destruction of the separation zone near the bed, 
as mentioned before. Still, the separation zone exists for this 
zone at z = 0,05 m, where this vertical motion is much less 
significant, corroborating the observations made on Figure 9. 
     A slight helical cell is generated. This can be observed 
starting at section x = 4,00 m (Figure 11), where a helical 
motion can be observed. The helical motion persists until x = 
4,33 m, where the deflection effect, caused by the tributary, 
lowers. The streams from both channels remain mostly 
separated through the scour hole, mixing gradually 
downstream. This separation occurs due to vertical vortices 
on the shear layer. 
 

 

 
 

 
 

 
 

 
 

 
 

 
Figure 11 – vw “streamlines” from section x = 4,00 m to section 

x = 4,33 m. 

Finally, the flow starts recovering at x = 6,88 m (Figure 
12), slowly regaining its symmetrical properties, while both 
flows gradually mix and turbulence declines. 

A planview of the surface streamlines, portraying the 
major features of the present flow dynamics, can be seen at 
Figure 13. On Figure 13, a maximum velocity zone can be 
observed (3), delimited by the flow deflection zone (1) and a 
low velocity zone (2). Particles can be seen with very unstable 
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trajectories near the low velocity zone, describing vortex-like 
streamlines. 
 

 
Figure 12 – u/U isolines at section x = 6,88 m, depicting the 

start of flow recovery. 

 
Figure 13 – Flow surface streamlines planview. 

Result discussion 
1. Morphology 

The flume bed presented a scour hole near the tributary 
mouth, approximately 0,175 m deep. According to Mosley 
(1976), this scour hole is a consequence of the flow structure 
on high angled confluences, which was the case of the present 
study. The scour walls define the shape of the scour hole and 
appear to have a curved shape, which progresses along with 
the tributary flow jet that penetrates the main channel. At the 
confluence area, the sediments flow preferentially along the 
scour walls instead of the bottom, joining further downstream 
(Best, 1988). These transport corridors slowly eroded the bed 
and ultimately formed the scour hole present on Figure 2. It 
should be noted that Leite Ribeiro (2011) did not observe any 
scour hole on his experiments, which diverges from the 
current study. 

The scour hole shape was connected with the plunging of 
the main channel flow under the tributary flow. This plunging 
is caused by the discordance between channels, creating a 
two-layer flow structure with strong vertical vortices, 
effectively eroding the bed and shaping the scour hole. The 
scour hole, caused by the clash of the main and tributary 
channel flows, extended downstream by approximately 
bisecting the junction angle, although with a slightly lower 
angle, while also having a curved shape, which coincided 
with the maximum velocity zone described by Best (1987). 
The ~0,05 m discordance between channels is mostly due to 

the high sediment discharge rate, since the solid discharge per 
width on the tributary was 16,67 times greater than on the 
main channel. Although this ratio was higher than the one 
used by Leite Ribeiro (2011), the discordance was higher for 
his case, with the value of 0,09 m. On the other hand, the 
discharge ratio used by Leite Ribeiro (2011) was 0,11, lower 
than the discharge ratio of the present study, which was 0,16. 
It can then be concluded that the discordance depends on both 
discharge and sediment discharge. 

Another important fact to be considered is the bed 
armouring phenomenon, which was observed by Leite 
Ribeiro (2011) on his studies. Bed armouring is caused by the 
granular segregation of the sediments, where larger particles 
cover the surface of the channel bed, effectively generating 
some protection against erosion. Similarly to the observations 
of Abreu (2015), this phenomenon did not occur on the 
present study, mostly due to the usage of an approximately 
uniform sand, which hinders the granular segregation 
required for the formation of bed armouring. 

The bank-attached bar, which is proposed by Best (1988) 
as a feature of open channel confluences and was observed 
by Leite Ribeiro (2011), Guillén-Ludeña et al. (2015) and 
Abreu (2015), is present and occupies around 50% of the 
width of the channel, as seen on Figure 2. According to Leite 
Ribeiro (2011), the presence of this deposition bar at the inner 
bank when in presence of low discharge ratios is related to 
high sediment discharge ratios. On the other hand, according 
to Guillén-Ludeña et al. (2015), the formation of this bank-
attached bar is related to the low velocity zone located near 
the downstream junction corner. Both claims can be observed 
on the present study, which features a low discharge ratio, 
high sediment discharge ratio and a recirculation zone, where 
flow velocities are low. The combination of these features, 
allied with the flow deflection, forces the tributary channel 
sediments to deposit on the inner bank, downstream of the 
confluence, forming the observed bank-attached bar. 
 
2. Hydrodynamics 

Most of the hydrodynamic features observed on the 
present experiment are similar to features of previous studies. 
The presence of upwelling flow and a flow separation zone 
along with flow recirculation, downstream of the confluence 
and on top of the bank-attached bar, was observed, as 
described for discordant confluences by Biron et al. (1996). 
This shows the applicability of results obtained from fixed 
bed to mobile bed experiments. However, the flow 
recirculation existed in a very small area, as seen on Figure 9, 
being more significant at mid-depth of the flow than near the 
surface. Near the bottom, the separation zone was destroyed 
by the upwelling, as seen on Figure 7. This separation zone 
destruction by upwelling flow was also described by Biron et 
al. (1993), Biron et al. (1996) and Leite Ribeiro (2011). 

Near the confluence, the flow features two layers, where 
the main channel flow, which represents the lower layer, 
plunges below the tributary channel flow, which represents 
the upper layer. This feature is characteristic of confluences 
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that possess discordance, as described by Biron et al. (1996), 
and low discharge ratios, as described by Leite Ribeiro 
(2011). This structure results in a very strong vertical motion, 
already described as the upwelling, formed close to the 
downstream junction corner and near the bottom, which 
prevents the formation of the separation zone above the bank-
attached bar, at higher depths. The vertical motion is much 
less significant near the surface, resulting in the existence of 
the separation zone and flow recirculation. 

An area of flow recirculation was observed downstream 
of the confluence, as seen on area 1 of Figure 14. Air bubbles 
were observed to ascend between the bottom and the water 
surface at area 1 of Figure 14, which was caused by 
detachment of the tributary channel flow from the right bank, 
due to the abrupt change on the channel geometry. The flow 
recirculation was not very significant, mostly because of the 
flume’s state of equilibrium. 
 

 
Figure 14 – Detail of flow surface near the confluence (flume 

not on equilibrium). 

This generated a vertical vortex that induced hydraulic 
head loss, creating a low-pressure zone, which effectively 
lowered the water level for that area. The water level is 
restored further downstream.  

The clash between both channels created a deflection 
zone, as seen on Figure 14. The deflection zone is clearly 
related with the formation of the main channel mouth bar, 
since it mostly matches its position along its extension. This 
deflection zone is also related with the mixing layer (Best and 
Roy, 1991). A stagnation zone is present near the upstream 
junction corner. Although its area is relatively small, when 
compared to the study of Best (1987), it is observable in the 
present study. The stagnation zone is characterized by rise of 
the water level, the start of flow deflection and a great flow 
deceleration, as described by Leite Ribeiro (2011). All these 
characteristics were observed on the present study, which 
corroborates his hypothesis: water level rise above the scour 
hole, which was also expected be more pronounced than the 
actual rise of the experiment; start of flow deflection starting 
at the upstream junction corner; great flow deceleration near 
the upstream junction corner. 

The existence of the bank-attached bar reduces the flow 
cross-section area and induces the maximum velocity zone. 

Downstream of the stagnation zone, the preferential flow 
corridor, or maximum velocity zone, is present, delimited by 
the avalanche faces. At this zone the water level rises and the 
flow velocity is higher, as it delimits an area of the channel 
where the combined flows must pass, effectively generating 
a more accentuated bed scour. The beginning of the formation 
of the bed scour and the maximum velocity zone can be 
observed at Figure 14 zone 3. 

A slight single helical cell is generated which, according 
to most studies, contradicts the starting assumptions where no 
helical cells would be observed, as this usually does not occur 
on confluences with discordant bed. This can be observed 
starting at section x = 4,00 m (Figure 11), where a helical 
motion can be observed. The helical motion persists until x = 
4,33 m, where the deflection effect, caused by the tributary, 
lowers. 

The flow coming from the tributary is so strong that 
actually inverts the flow direction coming from the main 
channel, turning it upstream, which results in the negative 
velocities observed at numerous instances, such as Figure 10. 
Although this phenomenon is interesting, it does not occur on 
other studies, which makes it dubious. By observing Figure 
13, it can be concluded that no streamlines appear to be 
flowing upstream, further deepening the dubious nature of 
these negative velocities. This phenomenon could have only 
been caused by very significant flow instability at this area, 
which was the case. By analyzing the measured data, it was 
concluded that the measured values for u systematically 
fluctuate between low positive and high negative values, 
supporting this hypothesis. The resultant average is a 
relatively high negative value for u, generating the upstream 
pointed velocity vectors. On the other hand, the measured 
velocities were made at around 0,02 m underwater, where the 
turbulence conditions could have been different from the 
surface conditions, where the streamlines are observed. 

Further downstream, the flow recovers and gradually 
adopts its initial symmetrical properties, while both flows 
gradually mix and turbulence declines, a behavior that is 
observed as long as the length of the post-confluence channel 
allows it. According to Biron et al. (2004), complete mixing 
for a discordant bed case can occur between 25 and 55 
channel widths, corresponding to a natural site and a 
laboratory channel, respectively. The channel of the current 
study only has approximately 4 channel widths, so a complete 
mix between flows is not expected. 
 
Conclusions 

The flow structure spatial evolution of an open-channel 
confluence, with a junction angle of 70º and low discharge 
and width ratios, was investigated through experimental tests, 
using a low intrusion method for measuring the flow 
velocities, the Vectrino probe. The hydrodynamic results are 
represented through cross sections with isolines for three 
dimensions, cross-sectional flow directions and planviews 
with isolines and streamlines. Simple morphological results 
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are also presented through 2D and 3D figures. The final 
results allow the identification of morphological and 
hydrodynamic differences between the current study and 
other studies. 

From the velocity and streamlines profiles it was 
concluded that the flow behaved approximately according to 
the expectations, with some exceptions. In fact, the flow 
appeared to have most features that were considered after 
analyzing the existing literature: a flow deflection zone, a 
maximum velocity zone, shear layers delimiting these zones 
and a flow recovery zone. The flow separation zone had some 
differences, as its existence depended on the depth being 
considered. There was presence of a helical cell between x = 
4,00 m and x = 4,33 m, which was not expected. 

The measurements of the three-dimensional flow 
structure show how complex these are on open-channel 
confluences. Due to the slight bed discordance, the tributary 
flow penetrates the main channel mostly through the upper 
part of the water column, generating a two-layer flow 
configuration. On the other hand, the main channel flow is 
less affected on the lower part of the water column, which 
generates a two-layer flow near the tributary mouth. This two-
layer flow configuration coincides with the description 
provided by Biron et al. (1996), for fixed bed channels, and 
is present in most studies of confluences with bed 
discordance, such as the work of Leite Ribeiro (2011). 

A large bank-attached bar was present downstream of the 
confluence. This is a recurrent feature of confluences where 
tributaries have a large sediment supply, as observed by Leite 
Ribeiro (2011) and Abreu (2015). This bar effectively 
reduces the flow area and causes flow acceleration between 
the bar and the left bank. Near the downstream junction 
corner a recirculation zone was present, although with low 
significance. This low significance was mainly caused by the 
equilibrium state of the flume, which contrasts with most 
studies, mainly those of fixed bed where the recirculation 
zone is very pronounced. 

The scour hole was very pronounced, reaching a height 
difference between the deeper zone and the average upstream 
height of 0,175 m, much higher than other studies, such as 
Leite Ribeiro (2011) where there was no scour hole present, 
which was replaced by a preferential corridor instead (with 
similar height as the upstream main channel), and Abreu 
(2015), where this scour reached 0,10 m. This can be mostly 
explained by the relatively high unit sediment discharge on 
the tributary channel and the high unit sediment discharge 
ratio, when compared with these studies. 

In summary, the present study suggests that when 
confluences feature high tributary sediment supply, bed 
discordance occurs and a relatively large bank-attached bar is 
formed. On the other hand, in the presence of the combination 
of high tributary sediment discharges and low tributary 
widths, the bed erosion is greatly enhanced at the scour zone, 
resulting in a greater scour hole. This combination also 
enhances the water jet flowing from the tributary channel, 
consequently enhancing the flow deflection, causing 

approximately 70% of the width of the main channel flow 
direction being affected and deflected by the action of the 
tributary. 

Although the main objective of this study was to 
characterize the flow on confluences with low discharge 
ratios, the observed morphology, which is intrinsically 
connected with the hydrodynamics, can also represent great 
interest on river intervention projects. Using this knowledge, 
confluences which present similar control variables and 
parameters can be better interpreted, rendering possible 
rehabilitation and future interventions easier. It should be 
noted that the model used on the experiments had rigid 
margins, a fact that does not occur on natural rivers, which 
might result in a different bed morphology. 
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