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River channel confluences are common in nature as well as in engineering. These are critical in-
terfaces where intense changes in physical processes within drainage or fluvial networks occur. These
changes influence both the local and downstream characteristics of flow dynamics and the bed mor-
phology. Flow features in these regions are often known to be complex and highly three-dimensional.
Although there are a number of studies on flow at these regions conducted in the past, there are still
gaps to be studied for this complex flow, such as effect of discharge ratio between the confluent chan-
nels on secondary current, bed shear stress, and flow constriction that may be evaluated based on an
accurate approach as well as characteristics of the small vortex within the separation zone and its role in
relation to general flow behavior and possible sediment transport. Furthermore, behavior of bed mor-
phology at river confluences has not still been clearly understood. Some of the problems that remain to
be addressed are response of bed morphology to various hydraulic conditions at unequal-width chan-
nel confluences, short-term response of bed morphology at large river confluences, where flow rate,
not discharge ratio is dominant, to different flow stages. Besides, although local configuration of the
confluent river mouths may influence flow and bed morphology, this aspect has not been paid attention
at all. In addition, effect of bank vegetation and bar vegetation on bed morphology within these regions
has not been obviously understood.

Besides the above problems, numerical modeling of flow dynamics and bed morphology at river
confluences still requires much more attempts. The 3D nonlinear k - £ model are proved to be suc-
cessful in simulating complex flow. However, this model has not been developed for river confluence
problems. Aithough a 3D model is broadly adopted to simulate flow at a small part of river course, it
is difficult to predict flows and sediment transports during floods from the upper region of a river to
the river mouth. In addition, at river confluences, adding a sediment-transport module to a 3D flow
model remains a challenge due to difficulties in designing a suitable numerical mesh. Furthermore,
3D modeling is still a time-consumed and costly work. Therefore, development of depth-averaged 2D
models, which are corrected for effect of secondary current, are still a reasonable compromise for the
problems of flow dynamics and bed morphology up to now.

In this study, four types of depth-averaged 2D models without and with effect of secondary current
are proposed and verified for both small scale (laboratory) and large scale (field) in order to investigate
flow feature, bed morphology, and effect of vegetation on bed evolution at river confluences. Model 1
is a conventional depth-averaged 2D model, which does not consider secondary current; Model 2 is a
depth-averaged 2D model, which includes effect of secondary current; Model 3 is a depth-averaged 2D
model, which incorporates effect of both secondary current and a lag between a streamline curvature
and secondary current; and Model 4 is a depth-averaged 2D model, which includes not only the factors
as Model 3 does but also change in the downstream velocity profile. The main findings from the
computational results obtained by these models are as follows. In general, for cases where secondary
current is weak, such as where discharge ratio q*, which is defined by the flow of the main channel to
that of the post-confluence channel, is high, all the models, except Model 2 which is realized to fail
to simulate flow at open-channel confluences, are capable of quite reasonably simulating major flow
features (e.g. water surface profile, flow field, and depth-averaged velocity profiles) at an open-channel
confluence. However, for cases where secondary current is dominant, Model 3, and, particularly,
Model 4 have certain advantages over Model 1. As these models (Model 1, Model 3, and Model
4) are used to simulate bed morphology at small channel confluences with a small junction angle,
implying absence of separation zone, and flow mixing possibly occurring, Model 4 performed the
results agreeing well with the measured ones, while Model 1 and Model 3 under-predicted much these
results. This demonstrates high applicability of Model 4 to such junctions. However, as Model 1
and Model 4 are applied to a large river confluence with small confluence angle, where flow rate
has dominant control on flow dynamics and bed morphology evolution, and discharge ratio between
the confluent streams insignificantly changes over time, both these models are reasonably capable of
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simulating flow feature and bed deformation as well as effects of vegetation on these characteristics.
This suggest further studies needed to be conducted for various river confluences, such as for the cases
where there is a transition of discharge ratio and/or where flow mixing is dominant, for more clearly
indicating their applicability in practice.

In this study, a 3D model with the linear and nonlinear k- models is also developed in a mov-
ing boundary-fitted coordinate system for investigation of flow at open-channel confluences. Both
the linear and nonlinear k -£ models well predicted water surface profile, planeform separation zone,
and secondary circulation in the center-region cell in comparison to the experimental ones. However,
the linear model, which uses the assumption of isotropic turbulence distribution, incorrectly predicted
turbulence distribution, stream-wise velocity distribution, and secondary currents within and around
separation zone, thus leading to under-prediction of distortion of separation zone boundary along water
depth. In contrast, by considering anisotropy of turbulence, the nonlinear model overcomes the lim-
itations of the linear one and performed very well in comparison to the experimental. This indicates
powerful applicability of the nonlinear k - £ model and the important role of inclusion of anisotropy of
turbulence in simulating complex flow patterns at open-channel confluences.

Effect of discharge ratio on secondary current, bed shear stress, and flow constriction at open-
channel confluences is indicated by using the nonlinear k - £ model above. As discharge ratio increases,
secondary current decreases in term of its strength and there is a change in the direction of the large
vortex within the center-region cell as the lateral flow becomes less than the main one (g* > 0.5).

The role of the small vortex within separation zone with its rotation direction is first discussed in
this study, and this vortex is realized as one of the crucial features characterizing the open-channel
confluence flow and may influence on flow mixing in the shear region and possible deposition of
sediment.

Bed shear stress apparently decreases as discharge ratio increases. While sediment is possibly trans-
ported only toward the inner bank for q* < 0.5, it diverges in the transport direction, that is, it is
possibly transported toward both the inner and outer banks as g* > 0.5 due to change in the direction
of secondary current.

Flow constriction increases as discharge ratio decreases. The results obtained by the method based
on the effective area of the channel cross-section, which uses the velocity isoline method to accurately
determine the border of the separation, indicates under-estimation of that using the effective width of
the channel commonly used in the previous studies.

Bed morphology at an unequal-width small channel confluence is also characterized by the features

as those at an equal-width one, that is, by three distinct elements: avalanche faces at the mouth of
each confluent channel, a deep central scour, and a bar within the separation zone formed at the down-
stream junction corner. Bed morphology at these regions seems to be strongly affected by secondary
current which may be related to high flow mixing and instability of flow. As discharge ratio decreases,
bed erosion substantially increases and the penetration of the main channel avalanche face into the
confluence decreases, implying upstream development of the possible right bank erosion.
At a Jarge river confluence where discharge ratio does not vary substantially over time (q* is always
more than 0.5) with a relative stability of the confluence bar position, bed morphology is substantially
affected by flow rate rather than discharge/momentum ratio. Response of bed morphology here to
different flow stages has a periodic tendency depending upon flow rate.

The role of local configuration of the confluent river mouths at river confluences is first identified
through the numerical simulation. The presence of small side bar or bars and bank-vegetation within
these river mouths may promote development of the confluence bar (the origin of this bar is attributed
to flow deceleration), thus influencing bed morphology evolution. Besides, confluence-bar vegetation
possibly has substantial influences on bed morphology within and downstream the confluence; thus
re-meandering process may occur.
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