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Abstract: An accurate assessment of the stage‐discharge relationship in open channel flows is
necessary and important to the design and management of hydraulic structures and engineering in
practical hydrosystems such as rivers and streams. While the flow structures and patterns at open
channel junctions are interesting and have been widely studied in the literature, this paper focuses
further on the effect of flow junctions on stage‐discharge relationship at mountain river confluences.
In this study, both the flume and physical model experiments are designed and performed carefully
to test and analyze the complex flow structures and characteristics at river confluences with
different configurations and hydraulic conditions. The impacts of the flow junctions on the
traditional stage‐discharge relationship are analyzed in this study. The results of this study are
discussed in the paper for the understanding of flow structures at flow junctions and the design and
management of hydraulic structures in river engineering.
Keywords: river confluence; stage‐discharge relationship; hydrodynamic influence; backwater;
flow separation

1. Introduction
Flow junctions commonly exist in practical open channel hydrosystems such as natural rivers
and streams with confluences, especially in the mountain area watersheds in Southwest China [1]. It
has been widely demonstrated in previous researches and engineering experiences that the behaviors
and characteristics of flows at river confluence zones are much more distinctive and complicated than
in the regular and single channel (e.g. [2, 3]). For illustration, the influence of flow confluences on the
flow structure and behaviors at junctions is sketched in Fig. 1 [4], which shows clearly the complex
hydrodynamic process and response of mixing flows at the junction such as sediment transport and
coherent flow structure. From the practical point of view, it is important to investigate the influences
of channel complexities such as river confluences on the flow structures and patterns, in order to
better design and management of hydraulic structures and associates in river engineering. From the
scientific point of view, it is necessary to understand the hydrodynamic mechanisms of mixing flows
at complex river confluences, in order to facilitate the development of theory and models in open
channel hydraulics such as modeling of turbulence and mixing layers. Therefore, investigation of the
junction flow characteristics at river confluences may bring great interests and benefits to the theory
and practice of river hydraulics and hydrodynamics.
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Figure 1. Typical sketch of flow structures at river confluence (adapted from [4])

Many previous numerical and experimental studies have focused on the hydrodynamic
behaviors and responses of open channel flows with confluences, such as flow structure and pattern
(backwater, separation and circulation), turbulence and coherent structure (resistance and shear
stress), and system responses (flooding and discharge influences). With regard to the flow structure
and pattern at channel flow confluences, Taylor [5] first discussed the influence of depth changes on
the open channel flows in a rectangular open channel junction. Webber and Greated [6] proposed a
theoretical flow pattern according to the experimental observations in that study. Thereafter, the
impacts of flow confluences at different channel junctions on the flow pattern and structures were
widely investigated through various numerical and experimental studies in the past decades (e.g.,
[7‐20]). All the results of these studies have shown and evidenced that the flow junctions with
different properties (e.g., size ratio, angle and water depth change due to concordant/discordant bed)
could affect greatly the characteristics of the flow pattern and structures and thus the hydrodynamic
responses at the confluence zone, with indicating that the effects of the flow junctions and
characteristics have to be considered and included in the hydraulic modeling process so as to obtain
better physical interpretations and accurate numerical predictions.
With understanding the importance and influence of the confluence junctions to the modeling
and process of flow pattern and structures, many researches have put forward efforts in the
quantifying and modeling of the turbulence behaviors the flow junctions. For example, the significant
impact of bed discordance on the flow acceleration behind the confluence was observed and studied
in [21‐24], in which the physical mechanism and process of the formed turbulence due to the flow
confluence at channel junction were analyzed and explained based on their obtained experimental
data and numerical results. The studies of [2, 23 and 24] have also demonstrated the characteristics
of turbulence and coherent turbulent structures within the shear layer through a field system study
of three stream confluences in east central Illinois. In addition, Yang et al. [25] analyzed further the
influence of turbulence characteristics at confluence junctions on the open‐channel confluence flows
based on numerical and experimental studies. However, it can be concluded from these previous
studies that the formed turbulent flow behaviors and characteristics at flow junctions could not be
fully understood and generally represented by current turbulence models and theory, which is
worthy of further investigations.
Regarding to the system responses corresponding to the influences of flow confluences, the
study of [26] evidenced that flooding in streams upstream of the confluence junction was more
frequent than that in streams downstream of the junction based on the field observations in the
middle Yellow River in China. Their results and analysis indicated that for a fixed total discharge
from all the mainstream and tributary rivers, the water levels at the junction could be very different
due to the different allocations of the discharges among mainstream and tributary rivers. These
results and findings were confirmed thereafter by numerical simulations in [27]. Furthermore, an
improved stage‐discharge method was proposed in [28] by considering the momentum transfer in
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compound channel, so that the influence of the flow junction on the discharge responses could be
included. In that study, the transport of transverse momentums between the main and tributary
rivers was shown obviously at river confluence zone, which actually attributes to the flow backwater
at the upper stream of the flow junction and the flow separation and compression (or accumulation)
at the downstream of the flow junction. From this perspective, understanding and investigating the
influence of flow junctions on the open channel flows may have great practical significance such as
flooding control and management in river engineering.
Despite these many previous studies on the importance and influence of the flow junctions to
open channel flows shown above, very few studies so far have systematically investigated the stage‐
discharge relationship at flow confluences. Particularly, among these few previous preliminary
studies, Wilson et al. ([29]) discussed the effects of turbulence model on the stage‐discharge changes
in compound channel flows based on numerical method. Liao and Knight ([30]) pointed out the
significant impact of secondary flows on the stage‐discharge relationship in rectangular compound
channels. Kean and Smith ([31]) presented a method of stage‐discharge relationships in gravel‐bed
channel through considering the changed gravel roughness and relative coefficient. However, most
of the current studies focused on the open channels with regular or uniform configurations of
transverse and/or longitudinal sections, and the characteristics of natural river confluences such as
complex mountain river networks have not yet been systematically investigated in the literature,
which is the scope of this study.
This paper first examines the detailed flow characteristics at different confluence junctions
through the laboratory flume experiments, which were conducted in the State Key Laboratory of
Hydraulics and Mountain River Engineering at Sichuan University, China, with the aim to verify and
confirm the results and findings of previous studies in terms of the flow structures and patterns at
flow junctions. Meanwhile, the influence of flow junction properties to the stage‐discharge
relationship is analyzed quantitatively based on the extensive experimental data in this study, in
order to evaluate the validity of traditional stage‐discharge relationship for expressing the
hydrodynamic effect of river junctions on confluence flows. Finally, the results of this study are
discussed for the practical implications and significance to river hydraulics and engineering.
2. Materials and Methods
To conduct systematic analysis of junction flows at the river confluence, two sets of experimental
testing program are designed and adopted for this study, which were constructed in the State Key
Laboratory of Hydraulics and Mountain River Engineering at Sichuan University, China. Specifically,
the laboratory discharge flume channel with regular cross‐sectional shape is used for testing the
hydraulic characteristics at the confluence junction under different conditions, including the velocity
field and water level distributions. The results are used to verify and confirm the results and findings
of previous relevant studies in this field, and meanwhile, to further understand the basic physics and
process of junction flows at the confluence under well‐controlled system conditions. Thereafter, two
physical models are designed based on the prototypes of different mountain area river confluences
in Southwest China, in order to obtain additional data measurement results under more realistic
conditions to validate the results of regular tests and measurements in the laboratory, and thus to
establish and analyze the stage‐discharge relationship of junction flow at confluences. For clarity, the
detailed setups and testing plans of these experiments are presented in the followings.
2.1. Setup and measurement of laboratory flume experiments
The flume experiment was carried out at a 30 degree angle branched confluence flume in the
laboratory. The total flowrate of the flume channel is 0.122 m3/s, in which the discharges from the
main and tributary flumes are 0.069 m3/s and 0.053 m3/s respectively. The flume geometric parameters
are listed in Table 1. Figure 2 shows the plane arrangement of flume experimental system, which
shows the flow velocity measuring points and experimental test scenarios. The measurement distance
is about 0.5 cm between two adjacent points in each vertical measuring line, with the measured
velocity components used to analyze the non‐uniformity of velocity distribution in the confluence
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zone. In this study, the velocity measurements were obtained by using an Acoustic Doppler
Velocimeter (ADV, Sonteck) operating at 16M Hz acoustic frequency at different locations of the
flume bed. The sampling rate of the ADV is 50 Hz and the duration of the measurements for every
position was set at 60 s. In each vertical line, the detection result by using the 3D down‐looking probe
ADV was used to represent the average value for the 10 cm wide distance region (±5 cm from the
line) along the transverse direction from the channel wall with a small sampling volume. As a result,
in total 10 vertical measuring lines are planned for each transverse section (i.e., y* = 0.05 ~ 0.95 in Fig.
2), which are denoted as lines 5# ~ 95# in the following study. In addition, the water level at each
location was also obtained by means of a ruler with measurement precision of 0.5 mm.

Figure 2. Schematic and test scenario of flume experimental system
Table 1 Flow conditions and test parameters of the flume experiment

Main flume
discharge (m3/s)

Tributary flume
discharge (m3/s)

Total discharge
(m3/s)

0.069

0.053

0.122

2.2. Setup and measurement of physical model experiments

Main flume

Tributary flume

Width
(m)

Slope

Width
(m)

Slope

1.0

2‰

0.4

2
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Two physical models were built for experimental tests in this study, which are defined as
“Model #1” and “Model #2” respectively in this study for clarification. In the Model #1, the model
river confluence is designed to mimic the junction of the Baisha River and Shenxi River in Southwest
China as shown in Fig. 3. In order to inspect the effect of tributary flow on the water level at river
confluence in the main river, series of discharge scenarios from Baisha River and Shenxi River were
performed in this physical model. A geometry normal scale of 20 (i.e., prototype scale: model scale =
20:1, defined as, λL = 20) was chosen according to similar conditions in the prototype. Meanwhile, the
ratio of model length and depth scales was also set at 20, and the discharge relation was supposed to
be λQ = λL2.5 (i.e., λQ/λL = 1789). A scenario of clear water experimental test with specified inflows from
main and tributary rivers and the corresponding section arrangement of this physical model are
shown in Fig. 3. The distance of 1.0 m between two adjacent sections reflects about 20 m in the
prototype river. In total 8 experimental cases (termed as cases 1  8 in this study) were conducted by
considering two kinds of river inflows: one is from the main river only, the other is from both main
and tributary rivers. The flow parameters are shown as Table 2 and Table 3, where the hydraulic
conditions (e.g., Froude Number, Fr) are also provided in the tables.

Figure 3. Model design and prototype photo of physical model #1

Table 2. Experimental test cases of flow discharges in Baisha River

Test case

1

2

3

4

Prototype discharge Qp (m3/s)

266.2

203.6

144.6

89.7

Model discharge Qm (m3/s)

0.149

0.114

0.081

0.050

Table 3. Experimental test cases of flow discharges in Baisha River and Shenxi River
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Test case

5

6

7

8

Prototype discharge Qp (m3/s)

266.2

203.6

144.6

89.7

Model discharge Qm (m3/s)

0.149

0.114

0.081

0.050

Prototype discharge Qp (m3/s)

101.8

101.8

101.8

101.8

Model discharge Qm (m3/s)

0.057

0.057

0.057

0.057

Baisha River

Shenxi River

The physical Model #2 was built based on the prototype of the natural river confluence zone
between Wahei River and Xianjiapu River in Sichuan Province of China, in which the Boluo water
power station was built in February 1999 as shown in Fig. 4. On July 28, 2001, a serious rainfall event
with a return period of 50 years resulted in the discharges of Qwp = 1350 m3/s and Qxp = 712 m3/s in the
Wahei River and Xianjiapu River, respectively. As a result, a severe flooding disaster was occurred
at the lower dyke reaches for the Boluo Power Station that was located at the confluence zone of the
two rivers. For this consideration, the Model #2 was constructed and tested to analyze flow
characteristics and thus to understand the mechanisms and process of submerged flood disaster in
the river confluence. In this model, the geometry normal scale of 50 (Prototype: Model=50:1, namely,
λL=50), the plane (length and depth) model scale of 50, and the discharge relation of 17678 (i.e., λQ/λL)
were applied.

Figure 4. Sketch and photo of the river confluence zone between Wahei River and Xianjia River

Figure 5. Measurement sections of physical model #2 and experimental test scenario photo

Figure 5 shows the located sections and positions of this model for experimental measurement.
In more details, four typical observational positions (P1, P2, P3, P4) were designed to analyze the water
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level at the left bank of section 1 and section 3 in Wahei River and right bank of section 2 and section
4 in Xianjiapu River in order to compared with the relation between dyke elevation and water level
elevation. The distance between two neighboring sections in this physical model is 50 cm, which
refers to 25 m in the prototype river according to the designed model geometry scale. Series of group
flooding scenarios were carried out and tested in this experiment, with the experimental settings and
parameters detailed in Table 4.
Table 4. Settings and parameters of experimental test groups in physical model #2

Test group
Prototype discharge
Wahei

Qwp（m3/s）

River

Model discharge
Qwm（m3/s）
Prototype discharge

Xianjiapu

Qxp（m3/s）

River

Model discharge
Qxm（m3/s）

Group 1

Group 2

Group 3

Group 4

Group 5

554

1350

1220

1350

1540

0.031

0.076

0.069

0.076

0.087

159

712

796

886

1010

0.009

0.040

0.045

0.050

0.057

3. Results
With the design and construction of different experimental programs above, extensive tests are
conducted carefully and systematically for achieving the research objectives. The measurement
results and analysis of each experiment are presented as follows.
3.1. Results and analysis of flume experiments
The two dimensional velocity vector fields in the u‐v plane are measured by above‐mentioned
equipment for different relative water depths defined by Z* = Z/B with Z being measured water depth
and B the main flume width. The obtained results are plotted in Fig. 6, in which Z* = 0.09, 0.05 and
0.018 represent for the positions near surface, middle layer and near bed regions respectively; q*
(=Q/B) is defined as the discharge (Q) per unit main flume width (B). The results of velocity fields
show clearly the sharp variations at different layers with the increase of water depth in confluence
zone. More specifically, the water flow in main flume is forced and compressed (pushed and mixed)
from the right to left bank at the confluence when the flow from tributary flume enters main flume
at its right boundary with the angle 30o. This flow accumulation can thus result in an irregular and
warped surface in the separation region at the downstream of the confluence junction and a lower
water level in this region. Meanwhile, a backwater separation region is formed since the flow outside
this region generates a contraction region leaning to the left boundary of the main channel flow.
Moreover, a lower mean velocity in this section is shown in the contraction region and the upstream
of confluence zone.
To confirm this result, Fig. 7 presents the contour of velocity field and water level at river
confluence, which indicates clearly the flow structures and patterns including the separation region,
higher and lower velocity regions and flow recovery regions. Compared with the shape and size of
separation zone at different positions with different water depths in Figs. 6 and 7, the length and
width of separation zone becomes gradually larger with the increase of water depth from the bed to
water surface at the confluence, which is mainly due to the strong compression and accumulation
from tributary flow at this section. This result confirms again the similar characteristics of the
separation zone at the flow confluence observed and discussed in previous studies in this field (e.g.,
[15]).
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(a) Near surface (Z* = 0.09)

(b) Middle layer (Z* = 0.05)

(c) Near bed (Z* = 0.018)
Figure 6. Measured u‐v vector fields at the confluence zone in the flume experimental tests

To further study and understand the hydraulic characteristics of flows in the confluence zone,
the velocity profiles over the vertical at different transverse positions (from Line 5# to Line 95# shown
in Fig. 2) are obtained and shown in Fig. 8. In total, there are 11 measurement sections located from
the junction to the far downstream distance of the main channel are used for the analysis. By
inspection, the results indicates that the transverse vertical velocity group may be divided into lower
and higher velocity regions by means of flow shear plane in the whole confluence zone from section
m01 # to mx07 # (see Fig. 2). The results also demonstrate that within the confluence zone, the range
of the divided higher and lower velocity zones changes with the distance from the confluence
junction, while after the confluence zone (e.g., at the section mx08 #), the main flume flow starts to be
extricated from the influence of junction flow confluence and the transverse vertical velocity profiles
become close to uniform again.
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(a) Contour plots of measured velocity fields at near‐surface, middle and near‐bed locations

(b) Contour plot of measured water depth
Figure 7. Flow structures and patterns at the confluence zone in the flume experiment
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Figure 8. Mean vertical velocity distributions in the confluence zone

In the confluence region, the flow compression (pushing, mixing and accumulation) and
backwater effects are resulted from the tributary flow confluence, and the mean velocity in the upper
region at the same side of the tributary channel reduces abruptly. For example, the maximum on the
Line 5# turned into minimum from section m02# to section m01#. On the contrary, the near right
vertical velocity (Line 5#) changes obviously from the minimum value at section m01# to maximum
value at section m00# due to the flow compression and tributary inflow. In addition, the irregular
changes of vertical velocity profiles with the transverse distance are resulted in an obvious separation
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zone (e.g., the results between Line 5# and Line 35# at section mx02#). Particularly, in the upper
section of the separation zone (e.g., at section m00#), the velocity changes from Line 25# to Line 95#
are much smaller than those in other two transverse locations in this section that are more close to
the tributary side of the flume channel (Line 5# and Line 15#). This is mainly due to strong flow
mixing and compression‐separation from the tributary flow confluence, which is explained in details
later in this paper.
3.2. Results and analysis of physical model #1 experiments

Figure 9. Measured stage‐discharge relations at different sections for physical model #1 with and without
tributary flows

For the experimental tests of physical model #1, Fig. 9 presents the changes of water level at
selected measurement sections (i.e., CS 11  CS 16 in Fig. 3) near the tributary entrance (located
between section CS 14 and CS 15) with different inflow conditions at left bank of Baisha River. It is
expected that the water level will increase with the enlarging discharge in the main channel, which
has been confirmed by the experimental results here. On the one hand, under the condition of without
tributary inflow (i.e., Shenxi River discharge is almost at 0 m3/s), the water level of main channel
increases gradually with the inflow of upper main stream for all measurement locations in Baisha
River from 89.7 m3/s to 266.2 m3/s (i.e., from cases 4 to 1 in Table 2). On the other hand, under the
condition that the inflow of the tributary river (Shenxi River) was increased to 101.8 m3/s (cases 5 ~ 8
in Table 3), it is not surprise for the obtained results of the increased discharges and water levels at
the downstream sections of confluence junction (i.e., CS 11 to CS 14). However, the results in Fig. 9
also reveal that the water levels at the upper stream of the confluence junction in the main river (e.g.,
CS 15 and CS 16) have also been raised. This is mainly due to the backwater effect of flow confluence
action at the river junction, which is consistent with the hydrodynamic characteristics observed in
the former flume experiments. Actually, the backwater characteristics can be further evidenced by
the profile of the longitudinal water level changes as plotted in Fig. 10. The comparative results in
Fig. 10 indicate an obvious decreasing trend of water levels at the upstream of the confluence junction
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between CS 17 and CS 15 under the condition of without tributary flows (cases 1~4), and on the
contrary, an increasing trend of water levels at same locations due to the influence of the flow
confluence from the tributary river (cases 5~8).

Figure 10. Longitudinal water level changes at the left bank of Baisha River for different inflows

Figure 11. Measured stage‐discharge relations for physical model #2 with different inflows

3.3. Results and analysis of physical model #2 experiments
Based on the experimental tests of physical model #2, the stage‐discharge results at the selected
measurement positions (i.e., P1 ~ P4 in Fig. 5) for a series of flooding test groups in Wahei River and
Xianjiapu River are obtained and shown in Fig. 11. Meanwhile, the water surface levels and the dyke
elevations at these positions are measured and given in Table 5. Specifically, the dyke elevations of
the two positions (P1, P3) are measured at 823.03 m and 824.31 m at the sections W1 and W3 on the
left bank of Wahei River, and these of the other two positions (P2, P4) are 822.02 m and 823.50 m at
the sections X2 and X4 on the right bank of Xianjiapu River. At the same time, the results in Table 5
demonstrate that: (1) for the Wahei River, the dyke for flooding control at position P1 is submerged
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in the flood test group 5, and the water level elevation at position P3 is mostly higher than the dyke
elevation in the group 25, which induces easily flooding events; (2) for the Xianjiapu River, the dyke
elevations are obviously lower than the water level elevation at both positions P2 and P4 in the flood
test groups 25, and therefore, the flooding will likely occur for the Boluo Power Station under these
drainage conditions (groups 2~5). Consequently, the test results of the physical model #2 imply that
the current engineering project design (e.g., the dyke) in this river confluence region is not safe
enough for the existing Boluo Power Station because of the high risks of flooding at this location.
Table 5. Measured elevations of the water level and dyke at the test positions

Discharge（m3/s）

Elevation (m)

Group
no.

Qwp

Qxp

1

554

2

P1

QT

P3
Water
level

P2
Water
level

P4
Water
level

Total

Water
level

159

713

819.2

821.5

820.1

820.9

1220

796

2016

822.5

824.8

822.6

823.5

3

1350

712

2062

822.7

4

1350

886

2236

822.7

825.0

823.0

823.9

5

1540

1010

2550

824.0

825.7

823.9

824.8

Dyke

823.0

824.3

Dyke

824.3

822.8
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4. Discussion
The above results and analysis of extensive experimental tests in this study have demonstrated
clearly the important influence of the flow junction to the flow characteristics and process at the river
confluence. On the basis of these observations and findings, it is necessary to understand further and
investigate systematically the physical mechanisms and change process of flow structures and stage‐
discharge relationship at the confluence. For this purpose, the qualitative and quantitative analyses
are performed for the obtained results in this section.
4.1. Hydraulic characteristics of flow structures at river confluence
For the single channel flow with a fixed and steady discharge, it is known that the water level
at specified locations increases with the decrease of flow velocity. However this characteristic may
not be exactly true for the complex channel with flow confluences, such as the situations tested in this
study. Particularly, the former analysis of Fig. 7 has demonstrated the two regions of relatively lower
and higher velocities and the occurrence of backwater in the confluence zone. In order to explain such
characteristics of junction flow, the water levels of several typical transverse and longitudinal sections
are plotted in Figs. 12(a) and 12(b) respectively for the flume experimental tests at different locations
and sections along the channel. By inspection, the results reveal that the water levels at sections m02#,
m01# and mx00# are almost the same due to the existence of backwater effect, which is, however,
larger than the value at mx04 # section at the downstream separation zone. Meanwhile, it is found
that the water level at mx01# section that is close to the left bank is also much higher than that in the
separation zone as shown in Fig. 12(b). This is mainly due to the lateral momentum transfer effect
from the tributary flow to the main stream flow at the confluence zone, so that strong mixing shear
layers and secondary flows were formed in this region, which has also been widely observed and
examined in previous theoretical and experimental studies (e.g., [2, 3, 14, 15]).
Meanwhile, the 2D and 3D characteristics of the mixing flows (i.e., spatial and temporal
variations and distributions of velocity and water depth) in the confluence junction and the
downstream zone are clearly observed in Fig. 7, which is consistent with the findings of previous
studies about the mixing shear layers. However, because of the angled confluence flows at river
junctions considered in this study, the mixing shear layers (e.g., thickness and evolution) in these
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experimental tests could not be well represented and accurately predicted by the proposed theory
and formulas in the previous studies (e.g., [3, 21]) in which the parallel inflows were usually assumed.
Actually, the evolution of the mixing shear layers in the angled confluence flows was found to be
much more non‐linear (and thus more complicated) than that in the parallel and uniform open
channel systems. From this perspective, the experimental tests and measurement results of this study
may be useful to the extension and analysis of the current mixing shear layer theory in the future
work.

(a) Variation of transverse water level at five typical sections

(b) Variation of longitudinal water level at typical positions from sections m02 # to mx04 #
Figure 12. Characteristics of water level variations in the confluence zone

Consequently, these test results and analysis imply clearly the complex variations of water levels
in the river channel with flow confluences, which therefore may have great impact on the stage‐
discharge relationship at flow junctions. Such influence to the stage‐discharge relationship is
discussed in details in the following part of the paper.
4.2. Assessment and analysis of stage‐discharge relationship at river confluences
As reviewed in the former introduction part of this study, many previous studies have focused
on the development and analysis of the stage‐discharge relationship in complex open channels.
Particularly, the composite and compound open channels were commonly considered in these
studies and relevant theories and formulas have been proposed and applied to predict the discharges
at such channel systems (e.g., [28, 30 and 31]). Therefore, it is worthwhile to examine and discuss the
validity of current theory for the complex situations, in order to provide useful foundation and
valuable suggestions on its extension and development.
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In this section, the theoretical/empirical stage‐discharge relationship in the literature is
compared with the experimental data in this study so as to examine its validity and accuracy. For
illustration, the commonly used Chézy formula for steady or quasi‐steady flows is adopted for the
analysis, and defined as ([32]),
Q = AV = AC(RSf)0.5 ,
(1)
where A is the flow cross sectional area, V is the mean cross sectional velocity, R is the hydraulic
radius, Sf is the frictional slope, C is the Chézy coefficient that can be calculated by Manning friction
coefficient as C = R16/n, with n being roughness coefficient relating to the channel characteristics. The
frictional slop Sf can be approximated by following equation, which is derived from the steady‐state
based one‐dimensional (1D) St. Venant momentum equation ([32]),

Q 2   1  h
S f  S0 
 

gA x  A  x ,
uniform term


(2)

non-uniform term

in which the first term on the right hand side (RHS) of the equation is attributed to the uniform flow
part, while the rest terms of the RHS represent the non‐uniformity of the flow along the channel.
Based on this theoretical discharge‐stage formula, the laboratory experiment tests and field
measurement are examined respectively for the comparative analysis. The results are shown in Figs.
13 and 14, where the discharge of the vertical coordinates is normalized by the total discharge (QT)
after the confluence.
Figure 13 illustrates the result comparison of the laboratory experiment flume between the
predicated and measured discharges in the main channel. Note that the results of Qc and Qcr refer to
the predicted discharges based on the frictional slope by the uniform part only and both uniform and
non‐uniform parts in Eq. (2), in order to highlight the importance and influence of the non‐uniformity
of the confluence flows. On the one hand, the results of Fig. 13 show that the both numerical
predictions are agreed well with the measured data for the upstream channel flow, which indicates
the little influence of the non‐uniformity of the confluence flows to the current stage‐discharge
relationship of the upstream channel. On the other hand, clear discrepancies of such comparison are
observed for the downstream channel flow, which implies the significant impacts of the confluences
on this 1D theoretical stage‐discharge relationship. Particularly, the river confluences can result in
remarkable non‐uniformity of the downstream discharge in the confluence zone. Meanwhile,
complex flow structures of the confluence flows may have great influences to the validity of this
theoretical stage‐discharge relationship which was originally derived from 1D averaged momentum
principle. Therefore, from this comparative analysis, it is necessary to develop and apply non‐
uniform based multi‐dimensional relations to represent accurately the stage‐discharge relationship
in the channel confluence zone.
This conclusion for the laboratory experiment flume is also confirmed by the comparative results
of the test cases (no. 6 and no. 8 in Table 3) for the field study system as plotted in Fig. 14. Firstly, the
river confluence has less influence of the stage‐discharge relationship to the upstream river sections
than that to the river downstream. However, influence to the upstream flow is clearly larger than that
in the former laboratory experiment system (e.g., sections cs 15 ~ cs 16 in Fig. 14). This is mainly
because of the more significant backwater effect resulted in this field system. Furthermore, the
remarkable discrepancies between the prediction and measurement are also observed for the
downstream discharges in this field system, which evidences the important influences of the
confluences to the downstream flow structure and stage‐discharge relationship. Nevertheless, it is
also found that this discrepancy is very case‐dependent, that is, the discharge is overestimated in case
no. 6, and underestimated in case no. 8. This different variation trend may be attributed to the
different discharge ratios of the mainstream and tributary in these two cases (case no. 6: 2.01; and
case no. 8: 0.88). Specifically, a smaller mainstream‐tributary discharge ratio, e.g., in case no. 8 with
the ratio < 1, means the more dominant inflow from the tributary to the total discharge at the
downstream of the confluence, so that more complex and prominent flow structure of separation
effect resulted from the strong mixing and compression as well as the momentum change between
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the tributary and the mainstream. Under the influence of this complex flow separation structure, the
discharge may be underestimated by the current 1D averaged stage‐discharge relationship. On the
contrary, when the mainstream‐tributary discharge ratio becomes larger (e.g., case no. 6 here with
ratio > 1), the flow accumulation effect will be more dominant than the separation effect, and
therefore, an opposite variation trend of the prediction discrepancy by this current stage‐discharge
relationship can be observed in Fig. 14.

Discharge normalized by total discharge

1.60

Upstream

1.40

Downstream

1.20
Qc
Qcr
Real discharge

1.00
0.80
0.60
0.40
0.20
0.00
-2.00

-1.00

0.00

1.00

2.00

3.00

Distance along main channel (m)

Figure 13. Comparison of measured and predicted stage‐discharge relations for the laboratory experiment
flume

Discharge normalized by total dischge

2.5

Upstream
2

Case6
1.5

Case8

Downstream

Predicted
Real discharge
Predicted
Real discharge

1
0.5
0

cs18 cs17 cs16 cs15 cs14 cs11 cs10 cs9
Cross sections

cs8

Figure 14. Comparison of measured and predicted stage‐discharge relations for the field study system

Consequently, through the above comparison and analysis, it can be concluded that the river
confluence may have significant influences to the stage‐discharge relationship due to the complex
flow structures (backwater and separation) resulted from the confluence flows. In this regard, it is
suggested that the complex hydrodynamics and non‐uniform flow structures of the river confluences
are needed to be considered and included in the development of the stage‐discharge relationship for
mountain river flows.
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4.3. Scientific and practical implications
With above analysis and discussion, it can be concluded that the river confluence has great
influence to the hydraulic characteristics and stage‐discharge relationship of open channel flows.
Extensive experimental tests and results indicate clearly the non‐uniformity of flow structures and
patterns at the confluence zone including the upstream and downstream of the river confluence
junction, which causes the profound discrepancy and inaccuracy of traditional stage‐discharge
relationships to represent and predict the flow capacity along the angled confluence channel. From
this point of view, an in‐depth understanding of the characteristics of river confluence flows is
necessary, so that more physical and appropriate theory for describing the complex confluence flow
structure and pattern. From this perspective, the detailed data measurement of velocity and water
level distributions may be usable to this theoretical development for the future work.
Furthermore, from the perspective of practical engineering design and management, mountain
river flooding issue has become more and more severe, which may also result in various subsequent
disasters such as debris and landslip in the mountain resident area. Based on the results and analysis
of this study, the flooding risk was usually underestimated by applying the traditional and common
design and management methods (e.g., the current stage‐discharge relationships). This
underestimated risk has been evidenced through a practical engineering project of the Boluo Power
Station in the mountain are of Southwest China (see Fig. 4). Consequently, on the basis of this study,
the extension and further development of more accurate and general stage‐discharge relationships
with including the influence of river confluence will be greatly beneficial to the practical river
engineering.
5. Conclusions
This paper investigates the characteristics of flow structures and stage‐discharge relationships
in river confluence zone based on abundant experimental program including laboratory flume tests
and physical model applications. The velocity and water level fields were firstly measured in details
from the flume experiments. The results and analysis show clearly the influence of flow confluences
on the velocity distribution, where the low and high velocity regions can be divided at the river
confluence. Meanwhile, the effects of flow confluences on the backwater and flow separation
characteristics at the channel junction are discussed based on the obtained data. The results confirm
the findings of complex hydrodynamic characteristics at river confluences in previous studies.
Furthermore, two physical model experiments were designed with hydraulic similarities of the
relevant prototypes of river confluence systems in Southwest China, with test results for extending
and verifying the laboratory flume experiments and examining the impacts of flow confluences on
the flooding control and risk evaluation. The result analysis demonstrates the potential influence of
tributary river inflows to the water levels and flow structures at the confluence region, and flooding
risk may be highly increased by the confluence flows at the junction region. Particularly, the model
test results indicate that the flooding risk has been underestimated for the existing Boluo Power
Station in this river confluence zone between Wahei River and Xianjiapu River, and suggests the
engineering project improvement (e.g., dyke elevation) at this critical location.
With the extensive test results gained in this study, the commonly used stage‐discharge
relationship is evaluated and quantified for the situations of river confluence through comparative
analysis, and the inaccuracy is interpreted from the physical understanding and hydrodynamics in
this study. The theoretical and practical implications of the results and findings to the river hydraulics
and engineering are discussed in the paper.
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