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Abstract: Vegetation has a significant influence on velocity distribution and turbulent energy in
a confluence channel. A laboratory measurement with ADV was used to investigate the flow
through a Y-shaped confluence channel partially covered with rigid vegetation on its inner bank. In
this study, the flow velocities in cases with and without vegetation were measured by the ADV in a
Y-shaped confluence channel. The results clearly show that the existence of non-submerged rigid
plants has changed the internal flow structure, that the velocity in the non-vegetated area is greater
than in the vegetated area, and that there is a large exchange of mass and momentum between the
vegetated and non-vegetated areas. The velocity on both sides is significantly reduced when
vegetation is present. In the vicinity of tributaries, due to the presence of vegetation, the
high-velocity area moved rapidly to the middle of the non-vegetated area, and the secondary flow
phenomenon disappeared. In the mainstream, when vegetation was present, circulation
disappeared, and the degree of lateral mixing decreased. The presence of vegetation caused a great
change in the internal flow structure and made the flow in non-vegetated areas more intense.
Keywords: Y-shaped confluence channel; non-submerged rigid vegetation; longitudinal velocity; secondary
flow; turbulent kinetic energy.

1. Introduction
Channel confluences are a common occurrence in fluvial networks, where significant changes can
occur in hydraulics, sediment transport, water environment, and ecology. Many previous studies
have concentrated on hydraulic characteristics in channel confluence areas. In terms of confluence
patterns, channel confluences fall into two categories: branch inflow main stream confluences and
Y-shaped confluences. Due to the complex hydrodynamics in the former type of confluence, the
hydrodynamics at channel confluences are characterized by six major regions: flow stagnation, flow
deflection, flow separation, maximum flow velocity, gradual flow recovery, and shear layers

Error! Reference source not found. . In channel confluences, aquatic vegetation is ubiquitous
and greatly changes the internal structure of the original flow Error! Reference source not
found.. Effective water management requires a better understanding of flow structures in vegetated
channels. Therefore, it is significant to explore the mechanism of interaction between vegetation and
hydraulic flow features.
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A number of investigations have examined the influence of vegetation on the hydraulic
characteristics of straight open channels. In recent decades, various laboratory experiments have
been conducted to study characteristics of open channel flows subject to submerged or emergent
vegetation [4–13]. Zhao and Cheng used an array of rigid cylindrical rods to simulate emergent
vegetation stems that were subject to unidirectional open channel flows [14]. Nadaoka and Yagi
used a two-dimensional shallow-water equation model to simulate a river flow with rigid
vegetation [15]. Neary carried out mathematical model tests on water flow with vegetation [16].
Wilson performed laboratory experiments on the effects of two forms (rods or strips) of submerged
flexible vegetation on the turbulence structure within the canopy and above the canopy region
based on stiffness calculations [17]. Defina and Bixio explored the capability of two mathematical
models to predict fully developed one-dimensional open channel flow in the presence of rigid,
complex-shaped vegetation with submerged or emergent leaves [18]. Flow resistances in vegetated
areas could help resolve a number of conflicting engineering and ecological considerations [19]. The
experimental data of Liu have been used to validate a numerical model with double-layered rigid
vegetation in a wide Plexiglas recirculating domain [20]. Barrios-Piña’s work focused on the effects
of vegetation on flow patterns using a mixing-length turbulence model with a three-dimensional
eddy-viscosity formulation [21]. Sonnenwald used simultaneous laboratory measurements of
transverse and longitudinal dispersion within artificial and real emergent vegetation to predict
observed mixing within natural vegetation [22]. In a departure from the straight channel, Xia
experimentally investigated the effect of emergent bending riparian-zone vegetation on flow by
building up a physical river model [23]. Barrios-Piña, using a hydrodynamic numerical model
based on the Reynolds-averaged Navier-Stokes equations, calculated the influence of resistance to
water flow as a function of vegetation shear stress [24]. The effect of vegetation on flow structure
and flow dispersion in a 180° curved open channel was studied by Huai, who discovered that the
primary velocities become much less homogeneous with the presence of vegetation and that the
longitudinal dispersion coefficients were much larger than in the non-vegetated case [25]. Stoesser
studied the effect of surface roughness on turbulence-driven secondary flow and turbulence
statistics by means of a large eddy simulation (LES) method [26]. Pu systematically compared the
differences between laboratory-prepared rough bed and water-worked bed open channels in their
velocity distributions and three-dimensional (3D) turbulent flow characteristics [27].
Up to now, straight open channel flows with vegetation have attracted enough research attention.
However, little attention has been paid to Y-shaped confluences. In this study, a physical model
was used to simulate changes of flow state, velocity distribution, turbulence structures, and
turbulent kinetic energy caused by vegetation by comparing the results with non-vegetated
conditions under the same flow regime.

2. Laboratory Experiments
2.1 Experimental Setup and Measurement Technique
Experiments were conducted in a flat-bottom Plexiglas flume in the Hydraulics Laboratory of
Hohai University. Water was pumped into a stilling cistern and then flowed into the flume. The
length of the upstream tributaries was 3 m, and the widths were 0.26 m and 0.22 m, respectively.
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The length of the downstream main stream was 6 m, and the width was 0.4 m. The convergence
angle between the tributaries (the angle between the geometric axes) was 60°. PVC baseboards (1
m × 0.1 m × 0.01 m) were used to cover the entire bottom of the flume. Rigid cylinders were used
to simulate rigid vegetation (8 mm diameter, 20 cm height). Figure 1 shows the experimental setup
and coordinate system.
The distance measured between the plants was 0.025 m, and the linear spacing was 0.1 m.
Vegetation was distributed on both sides of the flume in 2-m-long bands along the two tributaries,
and 5-m-long bands along the main stream were planted perpendicularly with the artificial
vegetation. In addition, two transition segments and a tailgate were installed to prevent large-scale
disturbances from the inlet, thus enabling the development of a quasi-constant water flow by
depth. The outlet and the inlet, which were both connected to the tank, enabled continuous
recirculation of the steady-state discharges.

Figure 1. Sketch of the experiment.

This experiment used two flowmeters to measure the discharge of both tributaries. 3D velocities
and velocity fluctuations were measured using a 3D sideways-looking acoustic Doppler
velocimeter (ADV) manufactured by SonTek, Inc. (San Diego, CA, USA). The ADV technology is
based on the pulse-to-pulse coherent measurement method. The instrument consists of three
modules: a measuring probe, a conditioning module, and a processing module [28]. In this study,
the ADV was used to sample each measurement point at a frequency of 50 Hz for 30 seconds. The
data samples with signal correlations below 80% and signal-to-noise ratios less than 10 were filtered
out. The result was that each point had a total of 1500 instantaneous data points, which ensured the
adequacy and accuracy of the dataset. To achieve three-dimensional movement control of the ADV,
a special regulating device was used to realize three-dimensional free positioning movement of the
ADV probe in the test flume. The probe could be easily moved between measurement lines and
sections. The ADV was mounted in a wood frame across the center section of the test segment and
could be easily moved upstream or downstream, so that all sampling points were vertically aligned.
The probe could also channel real-time data to the user’s computer through a data acquisition
program.
2.2 Test Series Description
To conduct comparative experiments and analyses, both the flume with vegetation and one
without vegetation were measured while keeping other conditions unchanged. In this experiment,
18 sections were set up (two sections each on the tributaries and 14 sections on the main stream
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after the intersection). The coordinate origin was set at the bottom of the flume, directly below the
intersection point of the two tributaries. The x-axis represented the streamwise direction, with x = 0
at the leading edge of the patch. The y-axis represented the spanwise direction, with y = 0 located on
the center line of the flume. The z-axis represented the vertical direction, with z = 0 being the
channel bed.
Before the intersection, five perpendiculars were established on each section of the tributaries,
with each perpendicular having eight measurement points. In other words, there were 40 points in
each section. After the intersection, eight perpendiculars were established on each section of the
main stream, with each perpendicular having eight measurement points. This means that there
were 64 points for each section. There were five survey lines on the two tributaries and seven
survey lines on the mainstream. Figures 2a–2c show the sections and the measuring lines.

Figure 2. Sections and measuring lines.

(a)

(b)

(c)

By comparing the data, seven typical cross sections were chosen for the two vegetation cases to
measure flow velocities, and eight vertical measuring lines were arranged in each cross section. The
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seven sections were the initial section and intersection of both tributaries and sections 1, 4, and 10 of
the main stream. These seven cross sections were defined as cross section (a) (left tributary initial
cross section), cross section (b) (left tributary junction cross section), cross section (c) (right tributary
initial cross section), cross section (d) (right tributary junction cross section), cross section (e) (main
section 1), cross section (f) (main section 4), and cross section (g) (main section 10). All the
experimental data were derived from detailed high-resolution measurements on each measuring
line.
3

In the flow characteristics test, the flow rate of the left tributary was Q1 = 20 m /h, and the flow
3

rate of the right tributary was Q 2 = 20 m /h. Therefore, the confluence ratio = Q1 / Q 2 = 1.0, and
the intersection angle = 60°. The parameters of the experiment, such as the width b and the water
section depth h, are shown in Table 1.

Table 1. Parameters of the experiment.
Element

Q（m3/h）

b（m）

h（m）

V（m/s）

Re（10℃）

Fr

Left tributary

20

0.22

0.15

0.17

8168

0.14

Right tributary

20

0.26

0.15

0.14

7584

0.12

Main stream

40

0.4

0.15

0.19

12135

0.16

3. Results and Discussion

3.1 Distribution of streamwise velocity
Li proposed a method to calculate the velocity of a curved open channel with partially
non-submerged rigid vegetation by comparing the integral of the longitudinal depth velocity
between vegetated and non-vegetated conditions to analyze the changes in the velocity distribution

Error! Reference source not found. . The streamwise velocities at different water depths in
different sections under vegetated conditions were integrated along the depth to obtain the
corresponding average streamwise velocity. Due to the limited number of measurement points, the
area method of experimental points can be used to circumscribe the area to calculate the
experimental measurement points. By comparing the integral of the streamwise depth velocity
between vegetated and non-vegetated conditions, the changes in velocity distribution could be
analyzed.
Seven typical cross sections were chosen for analysis, consisting of four tributary cross sections
and three main cross sections. Figure 3 shows a comparison of depth-averaged streamwise
velocities Uavg along the Y-shaped confluence channel for vegetated and non-vegetated cases.
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Figure 3. Comparison of depth-averaged streamwise velocity transverse distribution between
vegetated and non-vegetated cases, where Uavg is the depth-averaged streamwise velocity and b is
the flume width.

(a) Cross section a

(c) Cross section c

(e) Cross section e

(b) Cross section b

(d) Cross section d

(f) Cross section f

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2018

doi:10.20944/preprints201808.0353.v1

(g) Cross section g

Figure 3 shows that under the retarding effect of vegetation, the depth-averaged streamwise
velocities (Uavg) in the vegetated region were much lower than in the non-vegetated region. Huai et
al. [25] reported similarly that the presence of vegetation can decrease flow velocity in vegetated
areas. A large velocity gradient was apparent near the junction of the vegetated and non-vegetated
areas, indicating that a substantial mass and momentum exchange exists in the junction area.
Figure 3(a–d) also shows a difference in the streamwise velocity distribution between
non-vegetated and vegetated cases. The velocities in the vegetated case have a higher gradient than
in the non-vegetated case, which can be ascribed to the fact that the retardation caused by
vegetation makes the transverse distribution slightly more non-uniform. Along the streamwise
direction, the velocities in the vegetated area decreased and those in the non-vegetated area
increased when heading downstream. The reason for this may have been that the main circulation
in the Y-shaped confluence changed the internal flow structures, and the velocity distribution
varied accordingly. In conclusion, under the combined effect of vegetation and the Y-shaped
confluence, the streamwise velocities in the vegetated area were much lower than in the
non-vegetated area, and the streamwise velocity in non-vegetated areas in the vegetated case
increased significantly in the mainstream compared with the non-vegetated case.

Figure 4. Slice diagram of streamwise velocity contour after intersection: (a) vegetated case; (b)
non-vegetated case, where X, Y, Z are the directions of streamwise flow, lateral flow, and vertical
flow respectively.
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Three-dimensional flow characteristics were prominent after the intersection. The depth-averaged
streamwise velocity distribution was not enough to explain the complex hydrodynamic phenomena.
Figure 4 shows a slice diagram of the streamwise velocity contour. Clearly, the flow rate gradient
was larger with vegetation than without vegetation, which indicates that the presence of vegetation
caused drastic changes in the flow structure of the river. With vegetation, the flow velocity in
vegetated zones was less than in non-vegetated zones, indicating that the shear stress of the water
flow was increased by planting vegetation and that the water flow rate therefore diminished. It can
also be observed that in the absence of vegetation, the longitudinal velocity distribution was
polarized in the intersection, with the branch on the left side going downstream having a large flow
area, whereas the area close to the right-side tributaries near the bottom was in a low-velocity zone.
After mixing, the water velocity in the middle and lower layers was higher, and the near-surface
velocity was relatively low.
Downstream of the confluence, a small velocity separation zone appeared on the lateral surface of
the left tributary. After vegetation planting, the polarized character of the longitudinal velocity
distribution disappeared, the downstream flow velocities in the vegetated areas in the left and right
branches obviously diminished, and the flow velocity distribution with depth became insignificant.
However, the horizontal flow was significantly layered, the vegetation prevented vertical mixing of
fluid, and because of resistance, the velocity near the vegetated side was significantly lowered.

4.2 Secondary Flow Structure

The water mixed energetically in the Y-shaped channels, and three-dimensional flow
characteristics were prominent. A single vector or contour map was not enough to explain these
complex hydrodynamic phenomena. For ease of explanation, this paper provides and explains a
longitudinal velocity contour slice map under the condition Q=1. Each specific section of the
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diagram is presented and explained. The study presents a comparative analysis of the flow
characteristics of the Y-shaped channels with and without vegetation. The velocity data obtained
through the experiments were processed using the Tecplot software. Figure 5 shows the
longitudinal velocity distribution with vegetation and Fig. 6 the longitudinal velocity distribution
without vegetation.

Figure 5. Comparison of secondary flow structures with vegetation.

(a) Cross section a

(c) Cross section c

(b) Cross section b

(d) Cross section d
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(f) Cross section f

(g) Cross section g

Figure 6. Comparison of secondary flow structures without vegetation.

(a) Cross section a

(c) Cross section c

(b) Cross section b

(d) Cross section d
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(f) Cross section f

(g) Cross section g

Figures 5 and 6 can be used to compare the experimental results for the confluence of the Y-shaped
channels with vegetation (Fig. 5) and without vegetation (Fig. 6). For the mainstream sections (e), (f),
and (g), when vegetation was present, the velocity difference in the confluence was more significant.
The main section 1 was the confluence cross section; without vegetation, the left velocity was higher,
and the right velocity lower. A small clockwise circulation appeared at the bottom of the left side,
but there was no circulation in the vegetated case. In addition, with the presence of vegetation, the
velocity rapidly became partitioned, with the velocity on both sides decreasing with resistance from
vegetation and increasing in the middle. Cross sections (e) and (g) show that the higher-velocity area
extended to the center in the non-vegetated case, the bottom of the separation zone became larger,
the secondary flow phenomena along the left bank slowly disappeared, and a slight
counterclockwise motion appeared in the lower right corner in the mainstream cross section (f).
Under the influence of vegetation resistance, the low-velocity zone gradually became wider, the
high-speed zone gradually narrowed, the low-speed area on the left changed faster than the
low-speed area on the right, and there was no circulation.

4.4 Turbulent Kinetic Energy

The quantitative analysis of turbulent flow is based on measurements of velocity fluctuations at a
single point with local non-submerged rigid vegetation and without any vegetation in a Y-shaped
confluence channel. In this study, the mean flow velocity components (u, v, and w) and the velocity
fluctuation components in turbulent flow (u', v', and w') correspond to the streamwise, lateral, and
vertical directions, respectively. Velocity fluctuations can be defined as deviations from the mean
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velocity. In general, turbulent energy can be considered a measure of turbulence intensity [30]. In this
study, the turbulent kinetic energy

Ek was calculated using Eq. (1), which was proposed by Li [31]

and defines Ek as follows in terms of streamwise, lateral, and vertical directions:

Ek  (u '2  v'2  w'2 )/2 ,
where

(1)

 is the density of water and u ' , v ' , and w' are the velocity fluctuations of streamwise,

lateral, and vertical flow, respectively.
Figures 7 and 8 show the distributions of turbulent energy in different sections with and without
vegetation. In the tributary sections, the distribution of turbulent energy is shown along survey
lines. In the mainstream sections, seven survey lines are shown.
Figures 6 and 7 show that the turbulent kinetic energy in the tributaries was much smaller with
vegetation than without. The maximum value with vegetation was greater than 20 Pa (Figure
7(a–d)), compared to a maximum of less than 15 Pa (Figure 7(a–d)) without vegetation. The
turbulent kinetic energy of the vegetated area was less than that of the non-vegetated area, and the
turbulent kinetic energy showed a significant increase near the junction of the vegetated and
non-vegetated areas. These results indicate that a large velocity gradient was generated at the
junction of these areas.
The numerical values of turbulent kinetic energy for each section at different depths were
different, but the distribution trends were consistent. After convergence, as shown in Figure 6 (e–g),
the turbulent kinetic energy of the non-vegetated area was greater than that of the vegetated area.
By comparing Figure 7 (e–g) and Figure 8 (e–g), it is apparent that due to the presence of vegetation,
the turbulent kinetic energy of the non-vegetated area in the case without vegetation was
significantly greater that in the same location under the case with vegetation. These results indicate
that the presence of vegetation caused a great change in the internal flow structure and made the
flow in non-vegetated areas more intense.

Figure 7. Turbulent kinetic energy ( Ek / Pa) versus relative depth (h/m) with vegetation.
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(c) Cross section c

(f) Cross section f
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(g) Cross section g

Figure 8. Turbulent kinetic energy (Ek/Pa) versus relative depth (h/m) without vegetation.

(a) Cross section a

(b) Cross section b

(c) Cross section c
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(f) Cross section f

(g) Cross section g
4. Conclusions

This paper has presented an experimental study that explored the effect of local non-submerged
rigid vegetation on hydraulic features in a Y-shaped confluence channel. In this study, simulated
non-submerged rigid vegetation was arranged into a laboratory Y-shaped confluence flume. An
ADV was used to measure the mean velocities and velocity fluctuations.

Due to the presence of vegetation, the flow velocities in the Y-shaped confluence channel were
redistributed. Compared with flow without vegetation, the streamwise velocity in the vegetated
area was much lower than in the non-vegetated area because of the effect of vegetation. A large
exchange of mass and momentum occurred between the vegetated and non-vegetated areas. Under
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the combined effect of vegetation and the Y-shaped confluence, the streamwise velocities in
vegetated areas were much lower than those in non-vegetated areas, and the streamwise velocity of
non-vegetated areas in the mainstream in the case with vegetation increased significantly compared
with the case without vegetation.
In the tributaries, due to the presence of vegetation, the high-velocity area moved rapidly to the
middle of the channel in non-vegetated areas, and the secondary flow phenomenon disappeared. In
the mainstream, when vegetation was introduced, circulation disappeared, and the degree of lateral
mixing decreased.
The presence of vegetation brought about great changes in internal flow structure. It causes flow
in non-vegetated areas to become more intense, and the turbulent kinetic energy of the tributaries
in the cases with vegetation was significantly lower than in the cases without vegetation. At the
junction of vegetated and non-vegetated areas, the turbulent energy increased significantly. The
turbulent energy of the non-vegetated areas was significantly greater than in the same position in
the absence of vegetation.
This work focused on a single type of aquatic plant in the Y-shaped confluence channel.
However, rivers actually include several types of plants. Further studies could investigate different
vegetation types and different discharges in the Y-shaped channel. This study focused on flume
experiments, but further investigations could combine this approach with numerical modeling.
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