c Indian Academy of Sciences
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Abstract. Although combining ﬂows are common in natural streams, no comprehensive experimental data
has been compiled to characterize the three-dimensional ﬂow ﬁeld within the compound channel conﬂuence.
The present study examines the time-averaged ﬂow structure at conﬂuence over a rigid bed. Current knowledge
of channel conﬂuence, based on laboratory observation indicates that cross ﬂow interactions exert a signiﬁcant
inﬂuence on conﬂuence events. Secondary current and turbulent stresses are reproduced well by the hydraulic
model and found greater in the interface region as relative ﬂow ratio decreases. Velocity ﬁelds in combining ﬂow
region arising from varying discharge ratios are presented. A zone of depression in surface elevation in compound
channel junction is observed as well. The ﬂow ﬁeld in compound channel is seen to be moderately different from
that of simple channel junction. This study contributes to a better knowledge of hydraulic key processes into
fundamental aspect of combining ﬂow dynamics.
Keywords. Compound channel; combining ﬂow; velocity ﬁeld; secondary ﬂows; turbulent kinetic energy;
Reynolds shear stress; water surface proﬁle.

1. Introduction
River conﬂuences are complex hydrodynamic environments
where convergence of incoming ﬂows produces complicated patterns of ﬂuid motion, including the development
of large-scale turbulence structures, sediment transport and
morphology. Moreover, conﬂuences are important for the
ecological connectivity, ﬂood control and water quality. The
hydrodynamics as well as the sedimentological and morphological processes in conﬂuence zones are controlled by
several variables [1, 2], such as the number of adjoining
channels, conﬂuence angles, ﬂow discharge in both channels, channel geometry including longitudinal slope and
boundary roughness. For ﬂows in an open-channel network,
mutual effects exist among the channel branches at a junction. Open-channel junctions are major elements of river
networks that play a vital role in the ﬁeld of ﬂuvial dynamics. This is mainly owing to the numerous numbers of
parameter involved and the complex ﬂow features. Therefore it is very important to know the dynamics of combining
∗
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ﬂows. It is, however, generally accepted that ﬂow dynamics
and mixing at the junction are highly variable both spatially
and temporally. The dynamics of conﬂuence are a function
of the momentum ratio between the combining ﬂows and the
planform geometry of the junction. Due to increase in ﬂow
rate and mixing of conﬂuent ﬂows, various zones with a 3D
ﬂow pattern having larger turbulence in the junction regime
are established (ﬁgure 1).
In real case, we are facing different hydraulic conditions
to cause changes in channel alignment combining of two
ﬂows accompanies many complex problems such as bed
scour, bank erosion, the rise of water level, backwater effects
and others. In the past, number of researches with different
aspects and different viewpoints of hydraulic engineering
have been conducted in order to get a greater solution for
the certain problems and also to elucidate the ﬂow characteristics, ﬂow mixing and sediment movement at stream
conﬂuences. An overview of previous modeling work on
experimental, theoretical and the numerical approach for
combining open-channel ﬂows is presented as:
Taylor [3] was probably the ﬁrst researcher to perform
theoretical and experimental analyses in channel junctions in
97
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Figure 1. Deﬁnition sketch of combining ﬂows in compound open channel.

ﬂuvial regimes, considering junction angles of 45◦ and 135◦
in an asymmetrical planform. He proposed a 1D approach
based on the momentum and mass conservation equations
to calculate the ratio between the upstream and the downstream water depths, neglecting the effects of boundary
friction and assuming the upstream depth equal to both
upstream channels. Following the similar assumption, Webber & Greated [4] carried out experiments with 30◦ , 60◦ and
90◦ junction angles, suggesting an empirical correction for
Taylor’s model. Subsequent to the works of Taylor and Webber and Greated, several authors proposed 1D approaches
to estimate the water depths upstream of the junctions
for different angles, discharge ratios, channel widths, slope
and ﬂow regimes [1, 5–8]. However, the applicability of
these 1D approaches was restricted by the 3D hydrodynamic
behaviour of junctions. Bradbrook et al [9] demonstrated
numerically that secondary circulation can be developed at a
channel junction in the absence of planform curvature (parallel channels), under a wide range of combinations of depth
and velocity ratios. Then, a large number of numerical simulation conﬁrmed that bed concordance and planform curvature are signiﬁcant in the formation of the secondary ﬂows
in junction regions [10–12]. Huang et al [2] developed a 3D
numerical model to investigate the inﬂuence of the junction
angle on the ﬂow characteristics in open-channel junction
ﬂow. Good agreement was obtained between the model simulation and the experimental measurements. Zhang et al
[13] derived a 3D numerical model to examine the effect of
discharge ratio on the ﬂow characteristics, such as the variation of free-surface elevation and the secondary current at
a right-angled open-channel conﬂuence for computing the
parameters needed in engineering applications. The results
were validated using experimental data of [14] and found
to be good. Ghostine et al [15, 16] compared the 1D and
2D approaches for subcritical and transitional ﬂows, respectively in channel junctions. The studies were limited to one
ﬂow type so no effect of the ﬂow regime was resulted.
Later, Ghostine et al [17] extended their previous model to
compare both the 1D and 2D approaches numerically for
subcritical, transitional and supercritical ﬂows in channel
junctions. The results of the numerical simulation indicated

that the 1D approach was acceptable for small junction
angles and for subcritical and transitional ﬂows. However,
the 2D approach gave signiﬁcantly improved results for all
types of ﬂows and arbitrary junction angles. Zeng & Li [18]
developed a hybrid RANS-LES model for the simulation
of open channel T-junction ﬂow. The comparison between
the computational results and experimental data showed that
the hybrid approach was more accurate than RANS in the
prediction of turbulence quantities and the mean velocity
proﬁles and water surface elevation in the separation zone
of the T-junction ﬂow. Goudarzizadeh et al [19] numerically
solved the 3D ﬂow problems at a right angled junction of two
rectangular channels using Navier–Stokes equations based
on Reynolds Stress Turbulence Model (RSM). The Weber
experimental ﬁnding (2001) were used to test the validity of
data. Comparison of the simulation with experiments indicated a good agreement between the ﬂow patterns of the
two sets. It was seen that effects of the ﬂow ratio on geometry of separation zone formed in the main-channel downstream of the junction indicated an inverse relation. Further,
Goudarzizadeh et al [20] studied the effect of ﬂow ratio
Qr (ratio of tributary to total discharge) and width ratio Br
(ratio of the tributary to main-channel width) on separation
zone dimensions. Results indicated that the dimensions of
the separation zone increase with the ﬂow ratio, however, it
reduces with an increase in the width ratio.
Best & Reid [21] performed an experimental study of
junction ﬂows with varying junction angles and discharge
ratios. They deﬁned the separation zone shape index (Si ) as
the ratio of the width (Ws ) to the horizontal length (Ls ) of
the separation zone at horizontal plane. Where Ls is deﬁned
as the distance from the downstream corner of the junction to the reattachment point of the ﬂow, and Ws is deﬁned
by the zero derivative of the streamline passing in the reattachment point. The dimensions of the ﬂow separation zone
increase with the ﬂow ratio between the tributary and the
main channel and with the junction angle [14, 21]. Best [22]
presented a descriptive model of the ﬂow dynamics at the
junction based on laboratory experiments conducted in a
small ﬂume. The experiments were performed with several

Hydraulics of combining ﬂow in a compound open channel
junction angles and discharge ratios under ﬁxed horizontal bed conditions without sediment transport. His model
distinguished six different zones in conﬂuence channels:
ﬂow deﬂection, ﬂow stagnation, ﬂow separation, maximum
velocity, shear layer and ﬂow recovery. Field measurements
[23, 24] demonstrated that the presence of bed discordance
between the conﬂuent channels modiﬁes considerably the
ﬂows in junction region, and affecting the sediment transport
and the bed morphology. In addition, it increases the turbulence intensity in the shear layer and consequently the ﬂow
mixing downstream of the junction [25, 26]. The discharge
ratio (Qr ), the momentum ﬂux ratio (Mr ), the conﬂuence
planform and the junction angles are identiﬁed as an important parameters controlling the morphodynamics behaviour
of river conﬂuences [10, 27, 28]. Rhoads & Sukhodolov
[29] examined the 3D time-averaged ﬂow structure at three
concordant-bed conﬂuence. The authors noted that helical cells can be present in a conﬂuence zone, but claimed
that they were not characteristic features of all conﬂuences.
Weber et al [14] performed an extensive experimental study
of combining ﬂows in a 90◦ , sharp edged open channel for
the purpose of providing a broad data set of three velocity
components, turbulence stresses, and water surface mappings. Based on experimental studies, authors pointed out
that, under the given ﬂow conditions; the ﬂow ﬁeld near
the bed and near the water surface was different. Hager &
Schwalt [30] performed a laboratory study in a channel junction under supercritical ﬂow condition. Supercritical ﬂow
at channel junctions was characterized by a distinct standing wave pattern and described the features and dimensions
of three waves. The chocking condition and breakdown of
junction were also discussed. Liu [31] and Wang et al [32]
executed an experiment in open channel junction ﬂows and
conceded that the geometric features of the separation zone
were of 3D characteristics, in particular along the ﬂow depth
with sharp change. Mignot et al [33] described the ﬂow
structures that occurred in a 90◦ junction of four open channels with supercritical ﬂow in two orthogonal inlet channels.
An experimental facility was constructed to permit the measurement of ﬂow rates, water depth and the position of
hydraulic jump in the channel. The author reported that
various ﬂow patterns which appeared depend on the characteristics of the incoming ﬂows and the location and shape
of jump. They suggested a relationship between the location of hydraulic jump and momentum ratio, Mx /Mt (Mx
momentum in x-direction, My -momentum in y-direction,
Mt = Mx + My ) but it was not clear whether this relationship can be generalized beyond the conditions studied in the
experiment. Based on experimental observations, Yang &
Wang [34] presented the detailed characteristics of the separation zone using streamline method. The authors deﬁned
that the downstream edge of the junction is considered as the
starting point of the separation zone and the point where the
streamline normal to the boundary surface is taken to be the
end of separation zone. The ﬂow distribution in a four branch
intersection was studied experimentally for subcritical ﬂow
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by [35]. The results were used to establish a relationship
between the incoming ﬂow rates and the ﬂow distributions in
two outlet channels, based on the conservation of discharge
and momentum at the intersection. The stage discharge relationship for the downstream control in the outﬂow channels
was also presented.
Based on the above discussion, it is found that several
studies on combining ﬂow in simple open channel have been
reported in literature. However, the analysis of 3D ﬂow at a
compound open channel junction is still limited. Therefore,
the present study is concerned with the problem of combining ﬂow in a compound open channel using a laboratory
approach under clear water condition without feeding sediment. The results obtained by means of systematic experimental investigation carried out in a conﬂuence ﬂume are
not simulated or compared with ﬁeld data, however provides
a basis for advancing ﬂuvial process based on observed differences in time-averaged ﬂow structure between simple and
compound channels. Special attention is given to the ﬂow
from the tributary channel and its effect on the hydrodynamics processes in the junction region. The main objectives of
this study are:
• To understand ﬂow mixing, secondary ﬂow pattern,
and backwater effects in a rigid boundary compound
channel junction
• To assess changes in surface elevation that occurs
during ﬂow at a junction
• To examine how the structure of three-dimensional
ﬂow varies with changes in the ratio of ﬂow rate
between the two conﬂuent streams
• To discuss the inﬂuence of ﬂow ratio on the ﬂow
dynamics
• To provide detailed experimental data on the 3D ﬂow
ﬁeld that is essential for the validation of numerical
models.
The studies mentioned above provide insightful information
for understanding of the ﬂow and assist engineering design
of open-channel junctions.

2. Experimental facility and equipment
Schematic diagram of experimental setup for subcritical
ﬂow is shown in ﬁgure 2. The physical model is made
of brick masonry with smooth rigid bed. The combining
compound channel consists of mainstream channel (main
channel and ﬂoodplain) and tributary channel (tributary and
ﬂood plain). The lengths of the mainstream and the tributary
channel are 14.6m and 3.45m, respectively. Both channels
are of equal bottom width, B = 0.20 m. The channel bottom is located at a depth of 0.10 m from the ﬂoodplain and
the width of each ﬂoodplain is 0.30 m. Keeping in mind, the
characteristics of roughness in natural streams, the top surface of the ﬂoodplain and the main channel of the physical
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Figure 2. Schematic diagrams representing experimental setup for combining ﬂows in compound open channels.

model are plastered using 1:6 cement sand mortar. Further,
the top of the main channel bed is smoothed by a thin
layer of cement slurry and polished by using exterior oil
weather paint. The effect of roughness on ﬂow behavior is
not systematically evaluated. Water is discharged from two
independent upstream constant head tanks which are controlled by gate valves attached to each tank. Pre-calibrated
right-angle V-notch is provided at each channel inlet to
measure the rate of ﬂow. Sets of honeycomb structures are
placed at the entrance of both channels to ensure low disturbance parallel ﬂow entering the channels. The origin of
the coordinate system (X is along channel length; Y is along
lateral direction and Z is along the vertical) is the bed at
the upstream corner of the channel junction. The dimensionless coordinates X∗ , Y ∗ and Z ∗ are obtained by using main
channel width, B, as the reference scale. Water surface elevations are measured by a point gauge with an accuracy of
±0.1 mm, the results of which are compared with the timeaveraged ﬂow depth by using water surface proﬁler [36].
An acoustic Doppler velocimeter (ADV) with an accuracy
of ±0.5% of the measured value is used to measure the
velocities at selected cross-sections. Velocity measurements
at each location of upstream and far downstream from the
junction are taken for 120 s at a sampling rate of 50 Hz.
However, for the ﬂow data recorded near the junction region,
the effect of combining ﬂow is predominant and a sampling
rate of 50 Hz is used for duration of 180 s. The software
package WinADV for post-processing of ADV data is used
to compute the time-averaged values of downstream (U ),
cross stream (V ), and vertical (W ) velocity for the point

measurements. The velocity measurements have been nondimensionalized by the average cross-sectional velocity at
outlet, Ud . The time series of velocity at each sampling point
is used to produce a time-averaged velocity which is used
for further analysis. The ﬂow depth at the outlet, hd of the
downstream branch channel relative to main channel bottom is controlled by an adjustable tailgate. A series of runs
with varying inﬂow discharges are conducted in this study
(table 1). For the purpose of velocity measurements, each
compound channel cross section is divided into ﬁve evenly
spaced vertical proﬁles on main channel and eight evenly
spaced vertical proﬁles on each ﬂoodplain (ﬁgure 3). The
grid has 4,650 velocity measurement locations for each ﬂow
condition studied.
The inﬂow discharge in the mainstream, tributary and
combined outﬂow discharge at the downstream branch channel are denoted as Qm , Qt and Qd , respectively. The discharge ratio, Qr , is deﬁned as the ratio of the inﬂow discharge, Qm , to the outﬂow discharge, Qd , of the mainstream
channel. In this study, Qd = 0.016 m3 /s, hd = 0.22 m, and
Table 1. Flow parameters employed in the branched compound
channel experiments.
Cases
1
2
3
4
5

Qm (m3 s−1 )

Qt (m3 s−1 )

Qd (m3 s−1 )

0.012
0.011
0.008
0.005
0.004

0.004
0.005
0.008
0.011
0.012

0.016
0.016
0.016
0.016
0.016

Qr =

Qm
Qd

0.750
0.687
0.500
0.324
0.250
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Figure 4. Validation of the experimental apparatus: Depthdischarge relationship in simple combining channel.

(wide = 0.20 m) and in the larger (wide = 0.80 m) channels
are 0.5% and 0.3%, respectively.

3. Results and discussion

Figure 3. Top view of the channel where locations of velocity
measurements are shown by the + sign. Point O is the origin of the
coordinate system. (b) Points of velocity measurement at section
m–n of the combining compound open channel.

Ud = 0.138 m/s are held constant for all the experiments.
The non-dimensional parameter such as Froude number Fr
(0.07 ∼0.21) and Reynolds number Re (13,508 ∼59,438) of
the combining compound channel are varied during experiments and are obtained at three different locations, namely
both the upstream channel, the junction point and near outlet of the combining compound channel. Observations for
velocity and surface elevation have been recorded under
identical ﬂow conditions.

2.1 Validation
Results for simple combining channels obtained in the
present set of experiments are validated against the experimental results reported in the literature [6]. The physical
model of the combining compound channel geometry is
interpreted as two separate simple open channel junctions
of 0.20 m and 0.80 m widths. It is signiﬁed in ﬁgure 4 that
the depth ratio, Dr , is reported as a function of Qr . The
present experimental results match satisfactorily with the
results obtained by [6] for both the channel widths used in
the present study. Comparing the present results with those
obtained by [6], the maximum relative errors in the smaller

Data generated from experiments are veriﬁed for repeatability, and the results of this work are presented below in the
following sequence: velocity vectors, secondary currents,
turbulent kinetic energy (TKE), Reynolds shear stress (RSS)
and water surface proﬁle.

3.1 Velocity vectors
The presence of the conﬂuence causes considerable redistribution of the main channel ﬂow. The secondary motion
in the combining channel ﬂows is inﬂuenced by cross ﬂow
from tributary and mass exchange at the interface between
two conﬂuent streams. Due to lateral momentum transfer
across the interface, secondary motion in the mainstream
channel is setup that rotate against the secondary motion of
the tributary channel. Thus, a zone of turbulence is created
close to the upstream junction, and it expands further into the
tailwater channel. A separation zone is set up along the wall
adjacent to inner ﬂoodplain of the tailwater channel immediately downstream of the junction (ﬁgures 6–7). It results
due to the momentum of the tributary ﬂow causing the main
ﬂow to detach at the downstream corner of the junction. The
formation of separation zone reduces the effective ﬂow area
and causes ﬂow acceleration. Additionally, it is a region of
low pressure and recirculating ﬂows, commonly associated
with the accumulation of ﬁne sediments [21, 37]. The presence of separation pushes the ﬂow to the right bank when
looking downstream, which produces the maximum u velocity in the ﬂow region. The situation is similar to a gradual
channel constriction with subcritical ﬂow upstream, where
the ﬂow velocity and Froude number increase as the ﬂow
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passes through the constriction. It is noted that the velocity
outside the separation zone is very high due to the separation. Particularly, the high velocity stream is penetrated to
the bed for the low discharge ratio which could be a major
concern in the erodible channel junction design. In case of
mobile bed, this ﬂow acceleration is generally associated
with the increase of bed shear stresses and consequently with
sediment transport. The sediment deposition near the inner
bank attains its maximum height, which leads to a considerable reduction of the ﬂow cross-section in the post-conﬂuent
channel. Similar behaviour has been observed by [38] in
small natural bed concordant conﬂuences.
In this study, a constricted region is formed nearby separation zone in the tailwater channel at X∗ = 5 which carries
higher velocity of magnitude u = 0.298 m/s (i.e. u∗ = 2.16).
This effect may be attributed to the entrance angle of tributary ﬂow. At approximately X∗ = 6.5, nearly 65% of the
channel width conveys ﬂow downstream near the ﬂoodplain
compared to 54% of the channel width for the surface ﬂow.
This value was approximately equal to 55% near the surface
in the experiments of [14]. The differences in the lengths
of the separation zone are clearly evident when the surface
and ﬂoodplain at section X∗ = 9.5 are compared. Far downstream, velocities in the ﬂoodplain gradually diminish and a
nearly uniformly distribution on the surface is obtained.
Figures 5–7 shows the ﬂow patterns of time-averaged
streamwise velocities at three elevations, namely the bed, the
ﬂoodplain and on the surface in a compound channel junction for Qr = 0.25 and 0.50. The vector ﬁelds illustrate that
the entrance condition of the tributary ﬂow is signiﬁcantly
different between the ﬂoodplain and the water surface. However, there is no discernible effect of the tributary ﬂow on the

bed of the mainstream channel, because its angle of entry
to the mainstream results in negligible lateral momentum
exchange at the bed. It is clearly seen in ﬁgure 5 that the
velocity ﬁeld at the bed is more uniform across the channel towards downstream and skewed slightly at the upstream
corner of the junction with the tributary due to backwater
effect.
It is examined that the all longitudinal velocity patterns
near the bed are distinctly different from the near surface
velocity patterns. Further, comparing the angle of entry of
the ﬂow from the tributary, the surface ﬂow enters at a
larger angle to the mainstream channel than that at the
ﬂoodplain level. The smaller angle of entry is due to lower
lateral momentum ﬂux at the ﬂoodplain. The velocity vector
ﬁeld in terms of its velocity components in the horizontal plane gives insight into the differences between the
ﬂoodplain and the surface momentum of the ﬂow entering the mainstream channel. It is noticed that the developed
ﬂow has higher velocities near the water surface and provides an increased momentum over that near the ﬂoodplain.
The result of this momentum difference causes variation
in the amount of deﬂection towards the downstream direction of the branch ﬂuid. As a result the velocity patterns,
separation zone, and zone of recovery are considerably
altered between the ﬂoodplain and the water surface. The
geometry of the separation zone varies gradually in a vertical plane. The values of shape indices, Si , at the ﬂoodplain
and close to water surface are nearly equal to 4.47 and 4.86
respectively for Qr = 0.5. This feature is magniﬁed with a
reduction in the discharge ratio Qr . Earlier studies did not
address this occurrence that the length of the separation zone

Figure 5. Velocity ﬁelds close to the bed level Z ∗ = 0.05 in a combining compound channel for ﬂow conditions (a) Qr = 0.25 and
(b) Qr = 0.50.
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Figure 6. Velocity ﬁelds close to the ﬂoodplain level Z ∗ = 0.55 in a combining compound channel for (a) Qr = 0.25, (b) Qr = 0.50.

continually increases as discharge increases from the tributary channel. The u∗ − v ∗ vector ﬁelds for various values of
the discharge ratios reveals the following.
The difference between the entrance angles near the bed
and the ﬂoodplain compared to the water surface for the
tributary is smaller when the discharge ratio, Qr is higher.
The drift of the maximum streamwise velocity below the
free surface due to the secondary currents in the mainstream
becomes less pronounced. The velocity vectors in the mainstream for higher Qr show less deﬂection towards the outer
wall through the junction region. The velocity ﬁeld at the
channel bottom is more uniform across the channel section
for all Qr values, when compared to both the ﬂoodplain and
the surface.

3.2 Secondary currents
Figure 8 shows the vector description of time-averaged secondary currents (v ∗ , w∗ ) in the vertical plane as ﬂow evolves
downstream from X∗ = 3.5 to X ∗ = 22.5. The vector plot
shows the surface water approaching the outer wall at X∗ =
3.5, Y ∗ = −2.5. It is a result of the lateral momentum
being greater near the surface compared to the region near
the bed. Since the wall is impermeable, the surface water
is deﬂected in the downstream direction by the oncoming
mainstream water. The v ∗ −velocity component gradually
diminishes as ﬂow progresses in the downstream direction.
The ﬁrst portion of the junction ﬂow to enter the separation
zone along the inner wall adjacent to junction is the near
bed ﬂow owing to the negative v-component of ﬂow. Loss
of kinetic energy in the converging ﬂows, especially in the

Figure 7. Velocity ﬁeld near the water surface for (a) Qr = 0.25, (b) Qr = 0.50.
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Figure 8. Velocity vectors of secondary currents at X∗ = 4.5 for (a) Qr = 0.25, (b) Qr = 0.50.

region near the junction where low velocity ﬂuid along the
channel banks meets, produces an increase of pressure and
superelevation of the free surface [39]. The raised free surface elevation induces vortical motion of ﬂuid toward the
bed. As ﬂow approaches the bed, it moves laterally away
from the mixing interface toward each bank and then upward
toward the surface. This motion creates a shear layer that
develops along the interface of two merging ﬂows. This phenomenon is similar to the surface ﬂow at the outer bank
where ﬂow is deﬂected in the downstream direction. With
a higher rate of inﬂow mixing near the junction within the
shear layer, it can be seen that, a large anticlockwise secondary current develops in the scale of ﬂow depth along
the channel interface. Huang et al [2] and Bradbrook et al
[39] observed the similar results in the simple channel junction and reported that the strength of the secondary ﬂow
increases with the junction angle. In the present study,
the strength of secondary current depends mainly on the
momentum ratio between the two conﬂuents and the maximum magnitude of Vs = (v 2 + w2 )0.5 is about 22.7% of Ud ,
the average cross-sectional velocity.
Although the mechanism of generation of secondary currents is quite complicated, the anisotropy between v ′ and
w′ is the main cause of their occurrence. Where the turbulence is anisotropic and close to the free surface, the
velocity ﬁeld is signiﬁcantly affected by the eddy viscosity.
Such anisotropy of turbulence is related to the difference in
boundary conditions between the solid boundaries and the
free surface. For subcritical ﬂows (small Froude number) the
free surface is not deformed and the normal turbulent stress,
w2 confronts a limiting boundary and is redistributed to the
horizontal components u2 and v 2 . As a result, the anisotropy

of turbulence increases, affecting greatly the secondary ﬂow
patterns and thus the streamwise velocity distributions. It
is observed that the secondary currents at X∗ = 16.5 have
substantially diminished. However, the 3D nature of the
channel junction ﬂow diminishes greatly as discharge ratio,
Qr increases. Because the secondary ﬂows at channel junction is more complex and less organized (see ﬁgure 8), no
attempt has been done in this study to quantify it analytically. The numerical model of [2] predicts the ﬂow patterns
well and the positions of vortices correctly. However, the
strength of vortices seems to be underpredicted.

3.3 Turbulent kinetic energy (tke)
The conﬂuence enhances turbulence activity, which is relevant with respect to the mixing of the mass and the momentum coming from the mainstream and the tributary channel.
The increased turbulence activity may be attributed to two
processes. First, the collision of the ﬂows originating from
both channels creates a shear layer that is characterized by
increased turbulence activity. Second, the momentum input
by the tributary ﬂow increases the magnitude of the velocities in the junction region and consequently the turbulence
activity; since turbulent kinetic energy (tke) scales with the
square of the mean velocity magnitude. The turbulence is
mainly induced by bottom friction and redistributed in the
cross-section by the turbulence-induced helical ﬂow cells
that cause transverse variations in the tke [40]. Turbulent
kinetic energy represents the energy extracted from the mean
ﬂow by motion of the turbulent eddies. In the present study,
the experimental data can be used to identify the mechanism of production of tke in open channel junction ﬂows
over a smooth rigid bed. Turbulent kinetic energy is resulted
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from shear in the time-averaged base ﬂow originating from
both channels. It is calculated from the acoustic Doppler
velocimeter (ADV) data, since the ADV provides time series
of the three components of velocity ﬂuctuations. Turbulent
kinetic energy, K is calculated as the sum of the mean square
of velocity ﬂuctuations and is deﬁned as
K=

1  ′2   ′2   ′2 
,
ρ u + v + w
2

(1)

where u′2 , v ′2 , w′2 are the mean square values of the ﬂuctuations in velocity in the streamwise, cross-stream and vertical
directions respectively. Figure 9 shows a contour plot of the
normalized values of K ∗ with X ∗ for Qr = 0.25 and 0.50.
Turbulent kinetic energy is normalized with respect to the
square of the total average discharge in the apparatus Ud2 .
It is noted that, while the tributary discharge is impinging
on the main channel discharge, both ﬂows pass through the
channel junction without signiﬁcant mixing between the two
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ﬂows. However, signiﬁcant turbulence occurs as the higher
velocity ﬂow of the main channel begins to mix with the
lower velocity ﬂow of the tributary channel in the separation
zone downstream of the junction. As turbulence development is sensitive to the strength of the secondary ﬂows. The
magnitude of turbulence increases owing to the large contribution of secondary ﬂows on momentum transport. The
increase in percentage of turbulent energy of the ﬂuid particles with a reduction in discharge ratio inﬂuences the nature
of the ﬂow features. It is observed that the peak tke values
occurred within the mixing layer interface. McLelland et al
[41] also marked a zone of high turbulent kinetic energy
very well within mixing layer in both laboratory and natural
channel conﬂuences. In this study, non-dimensional values
of TKE were 4–5 times larger than those [41] observed at a
natural braided conﬂuence in the Sunwapta River. In a study
of a conﬂuence with a discordant bed, De Serres et al [42]
reported that the peak tke values occurred on the sides of
the mixing layer interface rather than close to the center of

Figure 9. Non-dimensional turbulent kinetic energy near the water surface for Qr = 0.25 and 0.50 in combining compound and simple
channel.
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mixing layer interface. De Serres et al [42] have shown that
the turbulence intensity (deﬁned as the RMS of the ﬂuctuations in velocity divided by the maximum downstream
velocity for each hydrological event) remains high over the
entire water column in the shear layer region. The magnitude
of RMS u in relation to RMS w is not constant throughout the conﬂuence. For points outside the shear layer, RMS
u is always higher than RMS w, whereas inside the shear
layer the situation is reversed. Generally, the peak in tke
occurred near the junction. This indicates that the generation of turbulence is greatest where mixing begins to take
place and where instantaneous lateral gradients in velocity
and pressure between the two streams may be expected to
be highest. It is found that the transverse velocity ﬂuctuation
v ′ becomes dominant near the wall region. The patterns of
turbulent velocity ﬂuctuation v ′ and w′ is quite different in
this region indicating turbulence anisotropy. It is estimated

that around 62% and 38% of additional energy is generated
in compound and simple channel junction respectively for a
discharge ratio of Qr = 0.25 in the near ﬁeld close to the
shear layer when compared to Qr = 0.50. The results show
that the tke in compound channel junction is slightly higher
than the simple channel junction near the surface at the point
of maximum turbulence region for two ﬂow conditions (i.e.
0.25 and 0.50). It is also stated that the minimum value of
streamwise turbulent energy appears not on the free surface
but below it. This feature corresponds well with the velocitydip phenomenon, observed in narrow rectangular channels
[43].

3.4 Reynolds shear stress (RSS)
Figure 10 shows the distributions of non-dimensional RSS
in isometric form for two ﬂow condition (Qr = 0.25 – 1st

Figure 10. Distributions of the non-dimensional Reynolds shear stresses for two ﬂow conditions (Qr = 0.25 – 1st column and 0.50 –
2nd column) in open channel junction near the water surface. The main ﬂow direction is X∗ ,while the tributary ﬂow is oriented in the
negative Y ∗ direction. The center lines of the two channels meet at X ∗ = 0.5 and Y ∗ = −0.5.
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column and 0.50 – 2nd column) in open channel junction near the water surface. Reynolds shear stress (RSS)
components are calculated as
τij = −ρu′i vj′ = ρυt

dui
dz

(2)

in which ρ is the density of ﬂuid, υt is the eddy viscosity, bar represents averaging over time and a prime denotes
a ﬂuctuating quantity in the laboratory frame of reference
(X, Y , Z). The RSS is scaled by the downstream averaged velocity Ud2 . The Reynolds shear stresses represent
the transport of momentum that can be attributed to turbulence and are generally related to gradients of the base
ﬂow and depend on transport of the turbulence ﬂuctuations
from the entire ﬂow ﬁeld. Hence they can be correlated with
accelerating and decelerating portions of the ﬂow ﬁeld. The
time-averaged velocity gradient is responsible for generating
turbulent shear stresses in the channel. Therefore, the shear
layer is a site for turbulence production but the distributions
of Reynolds shear stresses become particularly complex due
to effect of secondary currents. Here, two runs are chosen to
illustrate the difference of the Reynolds shear stress distributions. Velocity ﬂuctuations and Reynolds shear stresses have
a complex distribution along the streamwise direction in the
shear layer. Values of Reynolds shear stress on the crosssections of the channel are found to depend on location,
ﬂuid density, and ﬂow rate. Secondary ﬂows are dominant
in the near ﬁeld region due to larger inﬂuence of streamline curvature. The formation of contraction and separation
zones just downstream of the junction on the tailwater channel (discussed in 3.1) affects the magnitude of RSS in both
channels. As mixing is enhanced, the strength of the separation zone is weakened. It is noticed that Reynolds shear
stresses show a decrease with the increase of the discharge
ratio. It is noted that the secondary currents are large enough
and contribute signiﬁcantly to the lateral transfer of momentum. As a consequence, they inﬂuence locally the values of
∗
∗ .
the stress components τZX and τXY
The results show that the absolute values of two compo∗ are small compared to τ ∗
nents of RSS τY∗Z and τZX
XY =
′
′
−u v . The vertical distributions of (−w′ u′ ) in the shear
layer are mainly due to the effect of secondary currents,
and describe the intensity of vertical mixing between two
merging streams near the downstream junction. The vertical
gradients of τZX = −w′ u′ vary a great deal in the junction
region and gradually level off at the far end of the channel. As the ﬂow is almost uniform and strength of secondary
currents is negligible at the far end, the ﬂow behaves more
like one in a simple rectangular channel. However, the value
of −u′ v ′ gives the indication of the strength of momentum
exchange at the interface, since it is the velocity gradient
du/dy which is associated with −u′ v ′ . RSS −u′ v ′ tends to
have a peak in the spanwise direction coinciding with the
shear layer, with low values developed in regions close to
the ﬂoodplain. In both cases, the peak value occurs at the
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top of surface, and then it decreases sharply in downstream
directions almost linearly. Most researchers have assumed
the peak to occur at this location due to momentum transfer between two converging ﬂows. The maximum values of
mean RSS(−w′ u′ ) are observed within the shear layer is 5–
20 times higher than the values measured upstream of the
conﬂuence in both channels. However, outside this zone the
RSS values are reduced and comparable to those observed
in both channels upstream of the conﬂuence. It is also found
that the magnitude of ρu′ w′ is seen to be 54% and 30%
larger near the surface in compound channel junction than
the simple channel junction for a given discharge ratio, 0.25
and 0.50 respectively. Both longitudinal and vertical RSS
within the mixing region of compound channel junction are
generally greater than those observed for a simple channel
junction. Boyer et al [27] observed that
val the maximum

ues of mean Reynolds shear stresses −ρu′ w′ are occurred
within the shear layer and increase in −ρu′ w′ inside this
region becomes less important at higher ﬂows when Qr is
lower. The spatial distributions of Reynolds shear stress also
play a major role to adequately describe the characteristics of ﬂow that are useful for the prediction of sediment
transport.

3.5 Water surface proﬁle
For many practical problems, water-surface proﬁles computations may be required for steady and unsteady ﬂows
at open-channel networks. In the present study, the water
surface has been mapped for ﬁve ﬂow conditions (three in
compound channel and two in simple channel). The results
of the water surface elevation normalized by hd . Laboratory
experiments revealed that the presence of tributary creates a
variability of ﬂow depth and ﬂow velocities. The interaction
between the converging ﬂows makes an increase in water

Figure 11. Variation of the water surface elevation along the ﬂow
direction.
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Figure 12. Water surface elevation for Qr = 0.50, (a) simple channel, (b) compound channel.

depth to a certain extent in the upstream of the mainstream
(i.e. due to backwater effect) leading to ﬂow deceleration
and thus converting the ﬂuid kinetic energy to potential
energy. The tributary ﬂow causes the mainstream ﬂow to be
entrained toward the opposite bank and generates an unstable separation streamline that changes its direction at the
downstream corner of the junction. The ﬂow depth in the
tributary decreases as the upstream corner of the junction is
approached and a drawdown is observed in the longitudinal
proﬁle as ﬂow enters the contracted region. These observations agree with those of [14] and are attributed to low
pressure in the separation zone, the extent of which increases
as discharge ratio decreases.
The ﬂow is separated just behind the junction and surface
depression is observed in the separation zone. In the present
study, a zone of depression in water level is prominent near
the junction region at X∗ = 0.34–0.66, Y ∗ = −0.5 for all
cases; however, such a phenomenon does not occur in the
combining simple channel (ﬁgure 11). The streamline curvature gives rise to centrifugal acceleration across the ﬂow
and not along the vertical direction. This acceleration may
change the depth of ﬂow on both sides of the branch channel. It is clearly shown in ﬁgure 12 that the free surface has
transverse slope around the junction close to the inner bank
and is lower in level compared to the outer bank. This feature is similar to the free surface elevation on outer curve
apex observed in the meandering channel. The difference in
the water surface elevation across the junction decreases as
discharge ratio, Qr increases. It is seen that the surface elevation upstream of the compound channel junction is about
4.25% higher than that of downstream for the high discharge
ratio while it is around 7.65% for the low discharge ratio.
For low discharge ratio ﬂows, more ﬂow energy comes from
tributary channel resulting in larger energy loss at the junction. It is also observed that the difference in water surface

elevations at the upstream and downstream ends is comparatively smaller than that in simple channel. This pattern is
more distinctive for ﬂow conditions with smaller discharge
ratio values within the separation and downstream sections
of the branch channel. Results for simple channel are quite
similar to those of [2]. Experimental observations show only
a small difference in the depth of ﬂow along the lateral wall
except at the junction corner where the ﬂow separates.

4. Conclusions
An experimental investigation for subcritical ﬂow was carried out to emphasize the effect of discharge ratio on ﬂow
dynamics in a channel junction. Five ﬂow ratios between the
main and the tributary channel are studied in this paper and
its inﬂuence on the mean and turbulent structure of the ﬂow
at a channel junction is discussed. A comparison between
the results of the compound channel and the simple channel
junctions is performed.
The following are the main conclusions of the present
work:
• A separation zone is formed along the branch-side
bank of the mainstream channel for all ﬂow ratios. The
geometry of separation zone depends on the discharge
ratio and varies along the vertical plane with the largest
size formed near the free surface. However, there is
no marked separation zone formed at bed of the main
channel.
• The shear layer developing at the interface between
the conﬂuent streams is highly affected by the tributary ﬂow, the lateral mass exchange and the separation
zone. Flow features around the junction rely on the
strength of the secondary current, strengthening with a
reduction in the discharge ratio.
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• The presence of separation zone affects the spatial distributions of RSS, especially near the interface boundary. The magnitude of the peak of time-averaged RSS is
not always located at the junction; it is shifted towards
the mainstream, when mass is transferred from the
ﬂoodplain.
• A zone of depression in water level is created near the
junction region for all compound channel experiments.
However, such a zone does not occur in the simple
channel junction.
• Overall, ﬂow in a compound channel junction behaves
similar to simple channel geometry except for small
quantitative differences arising from a higher turbulence production.
The present study revealed that the physical model is quite
useful in obtaining detailed ﬂow ﬁeld information. Particularly, it is valuable in understanding the ﬂow feature
changes due to change of some important ﬂow parameters.
Although this research relates to only one junction angle and
to horizontal equal-width branches the present work may
be considered a step towards the consistent investigation of
combining junction ﬂows. This study would also provide
a link with other similar studies of supercritical ﬂow and
transcritical ﬂow conditions in intersections.

Nomenclature
B
Bf
h
hf
hd
Dr
g
h
hd
Qm , Qt
Qd
Qr
Fr
Re
Si
Ud
Vs
u, v, w
u*, v*, w*
X, Y, Z
X*, Y*, Z*

Bottom width of the longitudinal and lateral
channel, m
Width of ﬂood plain, m
Flow depth in main channel, m
Flow depth above the ﬂoodplain, m
Flow depth at outlet, m
Depth ratio
Gravitational acceleration, m/s2
Bankfull depth, m
Flow depth at outlet, m
Inﬂow discharges in mainstream, and tributary
channel, m3 /s
3
Discharge at theoutlet
 of main channel, m /s
Discharge ratio

Qm
Qd

Froude number
Reynolds number
Shape index
Average cross-sectional velocity at the outlet,
m/s
Magnitude of secondary current, m/s
Time-averaged velocities in X, Y and Z
directions, m/s
Non-dimensional u, v, w
Space coordinates
Non-dimensional space coordinates.
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Greek symbols
ρ
τij
υt

Density of ﬂuid, Kg/m3
Reynolds shear stress, N/m2
Eddy viscosity, m2 /s
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