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Abstract

River confluences have a complex flow and sedimentation pattern that have vital influences on the hydraulic and bed morphol-
ogy of river reach and the surrounding area. Confluences can be observed in waterways with various situations such as live bed
conditions. This condition is a hydro-morphological situation with a high densimetric Froude number, i.e., bed load transport
is supplied from upstream. According to the literature review, most of the experimental studies investigate the flow pattern
on the flatbed and not on the developed riverbed, or/and in the low densimetric Froude number, or/and without supplying the
sediment from upstream. Therefore, in the present study for the quantification of the flow pattern under these conditions, each
developed bed was fixed with the cement blanket method in the laboratory. Then, the 3D velocity was measured at specific
points at the confluence. The current study was designed to understand the flow pattern corresponding to the river bed behavior
in the case of large floods. It is expected that the morphological features downstream of the confluence have a different pattern
than the ones in the condition described in other literature. Thus, this paper describes briefly what are the different bed features
and investigates the corresponding flow pattern. The results of the flow pattern on the developed bed show that all zones at the
river confluence can be observed except the point bar due to the approximate equality of the mean longitudinal velocity of the
separation zone and the main channel upstream of the confluence. Moreover, results show that by increasing the bedload ratio
(sediment discharge to water discharge of the main channel of upstream of the confluence) from 0 to 3x 107, flow deflection
to the outer bank of the channel decreased down to 45%, the stagnation equivalent area decreased down to 2.5 times, and bed
shear stress decreased down to 40%. Hence, the momentum of lateral flow decreased with increasing bedload. Besides, the
recovery zone occurred at a longer distance after the confluence compared to the case without bedload. Hence, the location of the
maximum velocity zone, vortices, and secondary flows changed downstream of the confluence, by changing the bed load value.

Keywords River confluence - Developed bed - Live bed - Bedload - Flow pattern - Point bar

Introduction pattern and under constant change. Best (1987) is one of

the pioneers who investigated the flow structure in river

River confluences are always challenging sections of river
networks. Whether man-made or completely unregulated
occurring, they are dominated by a complex 3D flow
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confluences. He showed six main zones at river conflu-
ences (Fig. 1). According to Fig. 1, the stagnation zone
is located at the upstream side of the junction point. Flow
deflection zone was formed due to combined flows from the
main and tributary channels. Zone of separation is located
at the downstream side of the junction point and is the main
reason for a horizontal vortex in this zone that leads to the
sedimentation and generates a point bar. Maximum velocity
or flow contraction zone can accelerate erosion on the outer
bank and lead to lateral movement of an original river bed.
The consequent high flow velocities, shear layer effect, and
vortexes in this zone can also make difficulties for navi-
gation (Weber et al. 2001); and the flow recovery zone is
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the location where the influence of confluence on the flow
diminishes gradually.

According to the mentioned complexity and importance
of river confluences, many studies were attempted in the
literature which can divide into three categories based on
the focus of the current study. These three categories can
be: 1) numerical modeling and/or fieldwork, 2) physical
modeling of sediment pattern, and 3) physical modeling of
flow pattern. Among the studies that evaluate the flow and
sediment patterns of river confluence by numerical mod-
eling and/or fieldwork, one can mention Bradbrook et al.
(2001), Boyer et al. (2006), Shakibainia et al. (2010), Con-
stantinescu et al. (2011, 2012), Bahmanpouri et al. (2017),
Ahadiyan et al. (2018), Gualtieri et al. (2018), Gualtieri et al.
(2019), Balouchi et al. (2021), Bahmanpouri et al. (2022).
Besides some studies investigated the effect of geometric
and hydraulic conditions on sedimentation pattern such as
Ghobadian and Shafai Bejestan (2007), Borghei and Jabbari
Sahebari (2010), Balouchi and Shafai Bejestan (2012), Naz-
ari Giglou et al. (2016), Amini et al. (2017), Wuppukondur
and Chandra (2017). There are many studies in category
three which is the focus of the current study. To the best
of the author’s knowledge, these experimental studies are
shown in Table 1.

In Table 1, flatbed refers to the conditions that veloci-
ties are measured while the bed topography is flat and there
is no scouring. Flatbed without ds, refers to the research
without using the sediment at the bottom of the flumes. In
contrast with the flatbed, developed bed refers to the con-
dition that velocities are measured above the scoured bed.
Another phrase is clear water which means there is no sup-
plying sediment or sediment feeder. On the other hand, bed
load in this table refers to the condition with sediment feeder
or sediment supply, and consequently, there is a bed load
during the experiments.

According to Table 1 and experimental studies of flow
pattern, Best and Reid (1984) evaluated the flow pattern of
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a small sediment-free channel confluence with the width of
0.15 m and angles of 15°, 45°, 70°, and 90°. They showed
that the length and width of the separation zone at conflu-
ence increased by increasing the confluence angle and the
discharge ratio. Best (1987) investigated the flow dynam-
ics of a small sediment-free channel confluence of 0.15 m
and angles of 15°,45°, 70°, 90° and 105°. Besides showing
six flow zones (Fig. 1), he evaluated the effect of flow pat-
tern on the bed morphology of river confluences such as a
formed bar, which are mentioned earlier. Ramamurthy et al.
(1988) evaluated a 90° sediment-free channel confluence.
They derived a relation between the depth of the flow at the
confluence and the discharge ratio based on the momentum
principle. Flow pattern at a 30° river confluence with bed
discordance of main and tributary channels was investigated
by Biron et al. (1996). They concluded that considering the
bed discordance is important in river confluence modeling.
Moreover, it distorted the mixing layer into the shallower
channel, leading to the flow upwelling from the channel
deeper into the shallower. Gurram et al. (1997) extended
the knowledge about the flow pattern at the sediment-free
channel confluence with angles of 30°, 60° and 90° by con-
sidering the transcritical flow conditions.

Around two decades ago, research on river confluence
advanced significantly in terms of using experimental
instruments and analyzing methods. Weber et al. (2001) are
the pioneers who improved the knowledge and data set of
the 3D flow pattern in a 90° river confluence. They meas-
ured the 3D velocities with an acoustic Doppler velocime-
ter (ADV) and after evaluating the data; they developed a
useful 3D schematic of flow structure at river confluences.
Yang et al. (2009) experimentally evaluated the separation
zone variation along the water depth for a 90° river conflu-
ence. They showed that the geometry and the propensity of
the separation zone represent various forms with changes
along the water depth of the flume. Moreover, the discharge
ratio also alters the separation zone size and shape. Liu
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Table 1 Experimental studies on the flow pattern at river confluences

Research Bed topography condition Clear water or bed load condition (4 dso (mm)
Best and Reid (1984) Flatbed - 15, 45,70, 90 -
Best (1987) Flatbed - 15, 45,70,90, 105 -
Ramamurthy et al. (1988) Flatbed - 90 -
Biron et al. (1996) Flatbed - 30 -
Gurram et al. (1997) Flatbed - 30, 60, 90 -
Weber et al. (2001) Flatbed - 90 -
Yang et al. (2009) Flatbed - 90 -
Liu et al. (2012) Developed bed Clear water 90 2-20
Leite Ribeiro et al. Developed bed Bed load in a steep tributary channel with a constant rate 90 0.8

(2012a, b)
Coelho (2015) Flatbed Clear water 30, 60 -
Yuan et al. (2017) Developed bed Clear water 90 0.9
Wang et al. (2019) Flatbed /developed bed of Clear water 30 -

a scaled river model

Yu et al. (2020) Developed bed Bed load in a tributary channel with a constant rate 30,90 0.95
Canelas et al. (2020) Flatbed Clear water 70 6
Zhang and Lin (2021) Developed bed Clear water 90 0.95
Current study Developed bed Bed load with various rate 60 0.6

et al. (2012) studied flow and sediment patterns at a 90°
channel confluence by developing an experimental setup.
They measured 3D velocities on a developed bed with a
mixed material of 2 to 20 mm, with no supplementary
sediment and no live bed condition for coarse material.
Leite Ribeiro et al. 2012a, b evaluated the flow and sedi-
ment patterns on a 90° river confluence with a constant
supply of sediment from the tributary channel. Therefore,
there was clear water condition in the main channel and
bed load condition in the tributary channel, in their study.
They evaluated their results for the scenario of existing
bed discordance between the main and tributary channels,
or in other words, they considered a steep tributary chan-
nel. Coelho (2015) assessed the inequality of water surface
levels at 30° and 60° sediment-free open channel junctions
by using experimental data in both subcritical and super-
critical flow. Yuan et al. (2017) investigated the flow and
sediment pattern of urban 90° channel confluences. They
measured velocities under the developed bed and clear
water conditions.

Recently, Wang et al. (2019) evaluated the stage-dis-
charge relationship at a channel confluence and a scaled
model of a river confluence in China. They showed that
the water level at the main channel increased due to the
tributary channel flow. Yu et al. (2020) studied the effect
of the morphodynamics of 30° and 90° channel conflu-
ences on the accumulation of contaminated sediment.
They measured the 3D velocities under the developed bed
and clear water at the main channel. Moreover, they evalu-
ated the effect of sediment feeding in various transverse

locations of the tributary channel. Yu et al. (2020) showed
the variation of flow and sediment patterns by changing
the feeding locations. Canelas et al. (2020) extended the
knowledge related to flow characteristics of a 70° river
confluences by two experiments with and without bed
discordant under the flatbed and clear water conditions.
Zhang and Lin (2021) showed the effect of drastically
varying the discharge ratio on flow and sediment patterns
of a 90° channel confluence. They evaluated their results
on the developed bed of two different scenarios under the
clear water condition.

According to the above literature review and Table 1,
none of the cited experimental studies evaluated the
effect of various bed load ratios over the developed bed
on flow pattern at a river confluence. Therefore, the
current study is designed to understand the flow pattern
corresponding to the river bed behavior in case of large
floods. In other words, this study aims to answer the
below questions:

1) What are the effects of considering developed bed and
fixed bed on the flow pattern of experimental studies at
river confluences?

2) What are the effects of increasing bed load of the main
channel on the flow pattern of experimental studies at
river confluences?

It is expected that the morphological features downstream

of the confluence have a different pattern than the ones in
the condition described in other literature. Thus, this paper
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describes briefly what are the different bed features and
investigates the corresponding flow pattern.

This paper is organized as follows: an overview of the
previous studies on river confluences. The subsequent sec-
tion touches on the experimental setup and detail of test
cases. Then the flow pattern is discussed in various planes
(i.e., x—y and y—z planes), followed by bed shear stress, and
the time—average velocity profiles. Conclusions that can be
drawn from the current study are summarized in the last
section.

Materials and methods
Experimental setup

The experimental setup of the present study is shown in
Fig. 2. This setup was consisting of the main channel with
the length of 9 m, the width of 0.25 m, and the depth of
0.60 m; and a tributary channel with the length of 3 m, the
width of 0.25 m, and the depth of 0.60 m. Both stilling
boxes were equipped with a system to reduce the turbu-
lence of the incoming flow. Discharge was continuously
measured by a high-accuracy electronic flow meter with
an accuracy of 0.01 1/s. A moveable sediment feeder was
designed and calibrated to ensure consistency of feeding
into the main flume (more details can be found in Balouchi
and Shafai Bejestan 2012). For measuring the velocity
an electromagnetic velocity meter was used in a mesh as
shown in Fig. 2. The sample rate of the velocity meter is
16 Hz and each point was measured for one minute to be

sure about the accuracy of velocities. Hence, the velocity of
each point was extracted by averaging about 960 series of
data (velocity in 3 directions). The accuracy of the velocity
meter is 0.1 cm/s. For preparing the mesh shown in Fig. 2,
at the main flow direction (x), the length was divided by
5 cm steps in 13 sections named S1 to S13 which consist
of upstream and downstream of the confluence. These sec-
tions were also divided into 4 fixed points which have 4,
9.5, 16.5, and 22.5 cm (line 1 to line 4, respectively) from
the inner bank of the main channel (y-direction shown in
Fig. 2). At the z-direction of water depth of the flume, the
velocity was measured at each 1.25 cm water depth (about
2 cm needed for the height of probe of velocity meter.). It
should be noted that the parameters used in the x-direction
(length of the flume) are x*, u, and u* which are dimen-
sionless length or length ratio (x/B), velocity in x-direction,
and main velocity ratio (#/u,,,,), respectively. B is the width
of the flumes and u,,,, is the maximum velocity in the main
direction. Besides, the parameters used in the y-direction
are y* which is dimensionless width (y/B), and v which
is the velocity in the y-direction. Parameters used in the
z-direction (height of the flume) are z* which is depth ratio
(z/B), and w which is the velocity in the z-direction.

Experimental procedure

In this study, the channel bed was covered with fine sand
sediment with ds,=0.6 mm to ensure the live bed condition
in the main channel. In order to avoid the initial effect of
incoming flow on the stability of sediment, the flow entered
the channel slowly, and simultaneously the slide gate was
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Fig.2 Schematic view of the experimental setup
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kept closed. After the flume was filled with water, the slide
gate was opened gradually, and flow discharge was increased
simultaneously to reach the desired water depth and dis-
charge. These conditions were kept constant for more than
an hour to reach the equilibrium condition (more details can
be found in Balouchi and Shafai Bejestan 2012). Afterward,
the pump was turned off and the water in the channels was
extracted. Then the topography was fixed by a cement blan-
ket method. The cement blanket method is a simple method
for fixing the bed with a thin layer of cement that is covered
with the same sediment size to have a constant roughness
coefficient. After some hours that the cement blanket was
dried, the same experiment with previous hydraulic condi-
tions such as discharge and without sediment feeding was
established, and velocities were measured at the mentioned
mesh.

In the current study, two experiments with the same
hydraulic conditions, but various bed load ratios (Q,/Q,
of 0 and 3 x 10~%) were used. The discharge of the lateral
channel (Q,) was 4 I/s, the discharge of the main channel
upstream of the confluence (Q;) was 16 Is, the total dis-
charge or downstream discharge (Q;) was 20 Is, the dis-
charge ratio (Q,= Q,/0Q;) was 0.2, the densimetric Froude
number (Frg) was 6.79, ds, was 0.6 mm, the confluence
angle was 60°, the bed slope of all channels were 0.002,
water depth downstream of the confluence was 11.5 cm
and the bed load ratios were 0 and 3 x 107*. It should be
noted that the main requirement to reach goals of this
study was to conduct experiments under live-bed condi-
tions. Hence, the downstream water depth was adjusted
to have the downstream densimetric Froude number of
6.79. This parameter in former studies was usually lower
than 4.5 due to having clear-water conditions in the main
channel.

Discussion of results

Figure 3a, b presents the developed bed under live bed
condition without bedload from upstream (Q,/Q;=0) and
with bed load (Q,/Q,;=3%1 0%, respectively. Q, is the bed
load from the upstream of the confluence with the same
unit of discharge. It is obvious in these 2D topography
contour maps that there is no point bar or deposition of
sediments at the confluence (Balouchi and Shafai Bejestan
2012; Balouchi et al. 2015). Besides, the topographies or
developed beds of tests with and without bed load are dif-
ferent. To better perceive the flow patterns at river con-
fluence under the live bed condition and developed bed,
three-dimensional flow velocity was taken by Electromag-
netic velocity meter. The results of measuring velocity are
discussed in the following.
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Fig.3 Two different developed beds under live bed condition for var-
ious bed loads: a) Q,/Q;=0and b) Q,/0,=3% 1074

Main streamlines along the main channel (x-y
plane)

Figure 4 shows the main streamlines along the main chan-
nel (Fig. 2: x—y plane) and the color pattern of Fig. 4 rep-
resents the dimensionless velocity (1") distributionin the
main direction (x-direction and different planes), for a test
with a discharge ratio of 0.2, densimetric Froude number
of 6.79 and g—? equal to zero. Figure 4a, b, c, d shows the

streamlines for 2.5, 5, 7.5, and 10 cm from the water sur-
face, respectively. It should be noted that the location of
confluence (in the longitudinal axes or x*) is between 0.4
and 1.55 in Fig. 3, and the water depth at this test is
11.5 cm. Moreover, the confluence side is named the inner
bank, and the opposite bank of the confluence is named
the outer bank in this study.

It can be seen from Fig. 4a, b, c, d that the inflow from
the lateral channel of confluence makes the approaching
streamlines of the main channel deviate from the inner
bank and become a curvy shape. This deviation starts with
a specific deflection degree from the inner to the outer
bank of the confluence. To show the deflection degree,
the slope of the velocity vector can be used. For instance,
the slope of the velocity vector at line 1 on the cross sec-
tion S7 (lines and cross sections are shown in Fig. 2) for
Fig. 4a, d is equal to 0.42 and 0.5, respectively. Thus,
the deflection of streamlines toward the outer bank of the
channel decreases, while moving from the water surface
to the bed. In other words, this indicates that the momen-
tum of lateral flow near the bed is less than near the water
surface in the river confluence under live-bed conditions.
This leads to the separation zone near the bed is narrower
than the flow separation zone near the water surface. In
addition, the development of the shear layer decreased by
crossing the water surface to the bed due to the way of
flow deflection. These results are in agreement with the
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Fig.4 Velocity contours (U*) and flow streamlines along the main channel for: a 2.5, b 5, ¢ 7.5 and d 10 cm from the water surface for the case

of 0,/0,=0

flow pattern of river confluence with clear water condi-
tions (Weber et al. 2001; Yang et al. 2009; Liu et al. 2012).

One of the interesting zones in Fig. 4, is the stagnation
zone. This zone is shown in blue color in Fig. 4, and gener-
ally it is also observed in this shape in the literature (Pandey
and Mohapatra 2021). It can be concluded from this figure
that the size of the stagnation zone varied along with the
flow depth. In more detail, Table 2 represents the size of the
stagnation zone for various water depths for experiments
with and without bedload. It is obvious from the part with-
out bedload of this table that the stagnation zone near the
bed (with A or an equivalent area of 0.225) is more than in
the surface (with A of 0.125), and it is almost maximum in
the middle of the water column with an equivalent area of
0.33 and 0.36 for Fig. 4b, c, respectively. According to the
results, under the live bed conditions without bedload (or
clear water with high Fr,), all the six main regions at the
river confluence can be observed such as stagnation zone,
flow deflection, separation zone, maximum velocity, flow
recovery, and shear layers. However, at the river confluences
under the live bed condition, the point bar is not existing due

to the flow and sediment hydraulics (Balouchi and Shafai
Bejestan 2012; Balouchi et al. 2015), in comparison to previ-
ous studies in the literature. This result is very important for
the navigation and construction of structures such as bridge
piers (Ghobadian et al. 2018).

To investigate the effect of bedload and live-bed condition
(which caused the different bed topographies) on flow pat-
tern, the results of measuring velocity for a test with the
hydraulic and geometric conditions like the test in Fig. 4, but
% equal to 3x 10~ were (Fig. 5) compared with the results

of previous test case without bed load. It is obvious in
Fig. 5a, b, c, d that the streamlines at the confluence deflect
to the outer bank of the channel similar to Fig. 4. For com-
paring the deflection degree in these two tests with Q,/Q; of
zero and 3x 1074, the slope of the velocity vector should be
extracted. For instance, the slope of the velocity vector at
line 1 on cross_section S7 for Fig. 5a, d is equal to 0.23 and
0.32, respectively. These results demonstrate that the flow
deflection to the outer bank of the channel decreased by
increasing the bedload, and the relative decrease in the

Table 2 Stagnation zone

dimeqsion for experiment with ]s?fr?atl}; efr((;r;l)the water 2/2,=0 2/0,=0.0003

and without bedload dx* dy* A x* y* A
2.50 0.50 0.25 0.13 0.20 0.40 0.05
5.00 0.60 0.55 0.33 0.30 0.55 0.17
7.50 0.65 0.55 0.36 0.30 0.25 0.17
10.00 0.75 0.30 0.23 0.60 0.30 0.18
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Fig.5 Velocity contours (U*) and flow streamlines along the main channel for: a 2.5, b 5, ¢ 7.5 and d 10 cm from the water surface for the case

of 0,/Q,=3x107*

deflection degree is 36% for the surface and 45% for the bed.
In addition, one can also conclude the momentum of lateral
flow decreased by increasing the bedload. These are due to
the topography formed in the channels according to the live
bed condition and bedload. It should be noted that helical
cells in the flow pattern of river confluences caused the
scouring and variations in the bed topography (Canelas et al.
2020).

In addition, according to Fig. 5 and live bed condition,
in the main channel there should be flow and sediment
hydraulics in such a way that sediments move. Therefore,
almost the green color in the flow pattern of Fig. 5 shows the
velocity more than the critical velocity for sediment move-
ment. Hence, according to the color of the separation zone
(or velocities values) which is almost green, a lack of point
bar in the river confluences with live bed conditions can be
proved. In other words, it can be concluded that the mean
longitudinal velocity of the separation zone is almost near
to the main channel upstream of the confluence.

The results of Fig. 4 are almost similar to the results of
Fig. 5. As mentioned before, the deflection degree affects
the flow separation zone and stagnation zone. Thus, it can
be concluded that by increasing bed load the flow separa-
tion zone, and stagnation zone decreased. Table 2 shows the
stagnation zone dimensions and equivalent areas (A) for the
experiment with Q,/Q, of 3x 10™*, The trend of variation
in the stagnation zone dimensions is almost the same as an
experiment without bedload and it varies from the water
surface to the bed with A of 0.05 to 0.18. Hence, increasing

the bed load from 0 to 3x 10~ can decrease the stagna-
tion equivalent area up to 2.5 times. Moreover, according
to Fig. 5, it should be noted that by increasing the bedload,
the variation of the formed bed topography along the chan-
nel increased (i.e., one can see various kinds of ripples and
dunes), and consequently, the variations of velocity compo-
nents (u, v, w) increased. Hence, the location and magnitude
of the maximum velocity zone changed downstream of the
confluence. In other words, according to the formed topog-
raphy in the case with bedload, the uniform flow occurred at
a longer distance after the confluence compared to the case
without bedload.

Transverse vectors field at the cross sections (y-z
plane)

Figure 6a—d shows the transverse vectors field created at
the section of confluence (y—z plane) for the longitudinal
distance of 5, 20, 35 and 50 cm from the inner wall of the
confluence (cross sections S4, S7, S10, and S13, respec-
tively). All the hydraulic and sedimentary conditions are
the same as the results in "Main streamlines along the main
channel (x—y plane)" Section. The legend of Fig. 6 shows
the dimensionless velocity (#*) in the main direction of the
channel (x-direction). It should be noted that the left side of
Fig. 6a—d corresponds to the side of the channel in which the
confluence exists (inner side). The flow from the tributary
channel returned near the shear layer and caused a negative
velocity component in the z-axis direction owing to gravity.
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Fig.6 Velocity contours (U*) and transverse streamlines in the y—z plane at cross sections of: a S4, b S7, ¢ S10, d S13, for the case of Q,/Q,;=0

This flow characteristic resulted in an obvious secondary-
flow phenomenon after the confluence. One can observe
from Fig. 6, that the flow velocity across the transverse chan-
nel changes due to the presence of secondary flow, vortices,
and the existence of six main zones at channel confluence.
This result is also observed in the literature such as Weber
etal. (2001), Yang et al. (2009), and Zhang and Lin (2021).
Although secondary flow and vortices exist in Fig. 6d, it
can be seen in this figure that the power or magnitude of
transverse vectors is decreased, and flow is in the recovery
zone. Moreover, it is obvious in this figure that the separa-
tion zone shape varies both longitudinally and transversely.
It should be noted that as there is no point bar according to
the hydraulic and sediment conditions of this experiment,
the flow is stronger in the separation zone compared to the
results in the literature without live bed condition (Weber
etal. 2001).

To evaluate the effect of bedload from the main channel
on the flow pattern of river confluence, another experiment
was designed with % of 3x 107, It should be noted that all

the boundary conditions of the test case represent in Fig. 7
are the same as Fig. 6, except for the bed load ratio. By
comparing these two figures, it can be seen that by changing
the bed load or feeding sediment, the location of the
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maximum velocity zone is changed in almost all sections.
Furthermore, the form and shape of secondary flow and vor-
tices also are changed. These variations are due to differ-
ences in bed topography formed in the tests with different
bed loads and the changes in the separation zone. In addi-
tion, in Fig. 7d (with Q,/Q;=0) the magnitudes of transverse
vectors are still high in comparison to Fig. 6d (with Q,/

,=3x107*). Therefore, one can conclude from Fig. 7 that
the flow recovery zone occurred at a longer distance in com-
parison to Fig. 6. In other words, by increasing the bed load
the location of observing the recovery zone increased.

Normalized bed shear stress

The transverse distribution of normalized bed shear stress
(t/7) of the main channel is another interesting parameter
that is important in river confluences. Figure 8a—e illustrates
the variation of normalized bed shear stress along dimen-
sionless width (y*) for S1, S5, S6, S8, S10, and S12 cross
sections, respectively. It should be noted that y* of O is the
inner bank and 1 is the outer bank of the confluence. 7, is the
mean bed shear stress downstream of the river confluence,
and 7, is the bed shear stress computed based on the equa-
tions below (Bahrami Yarahmadi et al. 2020):
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where 7, 7,, and 7, are total bed shear stress (N/m?) and bed
shear stress in x and y directions (N/m?), respectively. p is the
density of fluid which is 1000 kg/m>, g is the acceleration
due to the gravity of 9.8 m/s’, U and V are depth-averaged
velocities in x and y directions (m/s), respectively. C is the
Chezy coefficient, R), is the flow hydraulic radius and » is
Manning's roughness coefficient. The Depth-averaged veloc-
ities are calculated via the below equations:

_ 1 [>
U=—/ Udz )
hJ,

V= ©)

z
% / Vdz,

Zp
where £ is the water depth (m), z; and z;, are water and bed
surface levels (m), respectively.

Figure 8a shows that bed shear stress upstream of the
confluence (S1) is almost constant by changing the bed
load. Then, in Fig. 8b and by starting the confluence (S5)
the deviation between the normalized bed shear stress lines
for with and without bedload (i.e., Q,/Q; of 0 and 0.0003)
increased. This increase in the bed shear stress at the inner
bank of the confluence (y*<0.5) is more than at the outer
bank of the confluence (y*>0.5), and this is due to the
momentum of lateral flow. Figure 8c shows almost the mid-
dle of the confluence (S6) and represents that the bed shear
stress at the inner bank of the confluence which is almost
the zone of stagnation is constant by changing the bedload,
and after that, the bed shear stress increases by decreas-
ing the bedload. After the confluence (Fig. 8d, e or S8 and
S10) the maximum velocity zone is obvious at y*=0.38
and it shows that in this zone bed load is not effective on
the bed shear stress. However, we have a dramatic differ-
ence at the inner bank of the confluence (y*=0.16) which is
the separation zone. Besides, the maximum bed shear stress
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Fig. 8 Normalized bed shear stress (z,/7,) distribution along dimensionless width (y*) for: a S1, b S5, ¢ S6, d S8, e S10 and f S12 cross sections

after the confluence is observed around the middle of the
channel which is the same observation in Roy and Bergeron
(1990) study which is related to a river confluence in Can-
ada. In addition, the trend of variation of bed shear stress

@ Springer

in all sections has in agreement with the results of Pandey
and Mohapatra (2021). It can be concluded that by increas-
ing the bedload, the bed shear stress at the separation zone
decreased significantly. Then, by increasing the distance
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from the confluence, the flow is reaching the recovery zone,
and the deviation between the lines of bed shear stress with
and without bedload decreased again.

Generally, bed shear stress of the case with bed load is
less than the case without bed load and this is due to differ-
ences in averaged velocities of these two test cases. Accord-
ing to the shear stress equations, this parameter has a direct
relation with averaged velocities. The variation of averaged
velocity for these two cases is discussed and explained
in "Time average velocity profiles" Section.

Table 3 shows the maximum bed shear stress ratio
(Tp (maxyTo) for both with and without bedload (i.e., 0,/Q,
of 0 and 3 x 107%), and the percentage of relative changes in
Th (maxy/To- 1t should be noted that the 7, /7y is the maxi-
mum value 7,/7, in each cross section. According to this
table, the maximum bed shear stress ratio increased from
2.98 to 7.89, by increasing the longitudinal distance (S1 to
S12), generally. This trend of increasing bed shear stress
is also observed in field studies in the literature (Roy and

Table 3 Maximum bed shear stress ratio and relative changes for the
cases with and without (Q,/Q,; =3 x 107 bedload

Tp (max)/TO
Cross sections 0,/0,=0 0,/0,=3x% 1074 Change (%)
S1 3.21 2.98 7.12
S2 349 3.15 9.78
S3 3.79 3.29 13.31
S4 343 2.96 13.56
S5 4.55 2.72 40.32
S6 5.21 4.15 20.34
S7 6.01 5.57 7.40
S8 7.04 7.19 -2.13
S9 7.83 7.25 7.36
S10 8.00 7.34 8.27
S11 8.10 6.79 16.11
S12 7.89 6.77 14.28
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Fig.9 Velocity profile at cross section S6 for 0,/Q; of: a0 and b 3x 10~

Bergeron 1990). It can be concluded that increasing the bed-
load ratio of the main channel from 0 to 3 x 10~* can reduce
the bed shear stress up to 40% at river confluences. Table 3
also shows that the effect of bedload on bed shear stress is
low before the confluence (with a change percentage of 7.12
at S1), then it increased before the middle of the flume (with
a change percentage of 40.32 at S5), then it decreased till the
end of the confluence (with a change percentage of —2.13 at
S5), and then increased (with a change percentage of 14.28
at S12) till reach the normal flow condition.

Time average velocity profiles

Time average velocity distribution (main velocity ratio, u*)
along with the water depth ratio (z*) at different transverse
positions of the middle of the river confluence section (S6)
for two sediment load ratios (0 and 3 x 107#) is shown in
Fig. 9. The profiles were located at 4, 9.5, 16.5, and 22.5 cm
from the confluence side (lines 1-4). These profiles show the
effect of the mixing flow of the tributary to the main chan-
nel. It is obvious in both Fig. 9a, b that the velocity profiles
in line 1 are in the flow deflection zone with lower velocity
values in comparison with lines 2—4. This trend in velocity
profiles is similar to the results of Wang et al. (2019). It
should be noted that due to the mixing of the flow and bed
topography caused by bedload (Fig. 9b), the velocity profile
changes a little in comparison to the test case without bed-
load from the main channel. Besides, the maximum velocity
profile for the case without bedload (Fig. 9a) is line 4 or
located near the outer wall of confluence; like the results
of the study by Liu et al. (2012). However, in the case with
high values of bedload (Fig. 9b), this region has little change
due to the formed bed topography. Therefore, defining the
maximum velocity layer for installing the bridge piers, etc.
should be considered with more caution in the confluences
(Ghobadian et al. 2018).

Figure 10 indicates velocity profiles in section S12 down-
stream of the confluence at different sediment load ratios.
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Owing to the tributary inflow and compression flow, lines
2-4 in Fig. 10 tended to increase the velocity. For exam-
ple, the mean dimensionless velocity (u*) for lines 1-4 in
Fig. 10a is equal to 0.61, 1, 0.98, and 1, respectively. In
addition, these values for the case with a bedload ratio of
0.0003 are 0.3,0.71, 0.71, and 0.71, respectively. These val-
ues and trends show that in the test case with bedload the
flow needs more length to reach the flow recovery zone or
uniform flow, in comparison with the case without bed load.
In other words, by comparison, the values of velocities of
Fig. 10a, b revealed that in the case with bedload the veloci-
ties component in the y and z directions are still stronger than
in the case without bedload; and this is the reason that main
velocities (in the x-direction) of Fig. 10a are more than 10b.
This shows that the power of secondary flows increased with
increasing the sediment load ratio at the confluence and the
mixing flow showed a higher effect with increasing the sedi-
ment load ratio. Generally, in the entire section, the veloc-
ity became more non-uniform with increasing the sediment
load ratio. Moreover, by comparing the profiles of line 1 of
Fig. 10a, b it is obvious that the separation zone in Fig. 10b
is more than 10a. These results are due to the change in bed
topography and change in the exact location of the 3D flow
structure of river confluence, which is important for naviga-
tion, river engineering, etc.

Conclusion

To the best of the author's knowledge, none of the experi-
mental studies in the literature review evaluated the flow pat-
tern over the developed bed with various bed load ratios at
river confluences. Therefore, the current study evaluated the
flow patterns of a 60° river confluence over developed beds
with two-bed load ratios of 0 and 3 x 10™* and high densi-
metric Froude number (6.79). The concluding remarks from
the flow velocity measurement of this study are as follows:
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All the six main regions at the river confluence can
be observed such as: stagnation zone, flow deflection,
separation zone, maximum velocity, flow recovery, and
shear layers at the river confluence affected by developed
riverbed from live bed condition. However, at the river
confluences under the live-bed condition, the point bar
is not existing (this is also shown in Balouchi and Shafai
Bejestan 2012; Balouchi et al. 2015) due to the small
variation of the mean longitudinal velocity of the sepa-
ration zone and the main channel upstream of the con-
fluence. According to the literature review, most of the
experimental studies about flow and sediment patterns of
the river confluences mentioned that there is a point bar
zone in their studies. Therefore, based on the results of
the current study, this phrase should be used with more
caution in future studies.

The stagnation area of the confluence is not constant,
and the maximum length of the stagnation zone can be
found almost in the middle of the flow column. Moreo-
ver, increasing the bed load ratio from 0 to 3 X 10~* can
decrease the stagnation equivalent area up to 2.5 times.
By increasing the bedload, flow deflection to the outer
bank of the confluence decreased down to 36% near the
water surface and 45% near the bed. Hence, the momen-
tum of lateral flow decreased by increasing the bedload.
In the case with bedload, the uniform flow or recovery
zone occurred at a longer distance after the confluence
compared to the case without bedload. Hence, the loca-
tion of the maximum velocity zone changed downstream
of the confluence.

By considering variations in the bedload, the location of
the maximum velocity zone, and velocity profiles along
the water depth changed in almost all sections. Moreo-
ver, the form and shape of secondary flow and vortices
also changed. These variations are due to differences in
bed topography formed (which occurred by changing the
helical cells) in the tests with different bed load ratios and
the changes in the separation zone. Therefore, the maxi-
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mum velocity layer for installing the bridge piers, etc.,
should be defined with more caution in the confluences.

e The power of secondary flows increased with increasing
the sediment load ratio at the confluence and the mixing
flow shows a higher effect with increasing the sediment
load ratio.

e Generally, by increasing the bed load ratio from O to
3% 107, bed shear stress decreased at river confluence
by up to 40%, and this is significantly at the separation
zone.

According to the results, the flow and sediment patterns
of live bed conditions have some differences from the clear
water condition (such as there is no point bar). Therefore,
the simultaneous effect of live bed condition and bed load
from the main channel, with other effective geometric and
hydraulic parameters can be considered in future studies.
Besides, considering the developed bed instead of a fixed
bed can reach more realistic results, in experimental works.
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