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Abstract: The effects of partially emergent rigid vegetation on the hydrodynamics of a curved open-
channel confluence flow were simulated using OpenFOAM. The numerical model using the Volume of
Fluid method and the RNG k-ε turbulence model in the Reynolds-averaged Navier–Stokes equations
was first validated by existing experimental data with good agreement. Then the characteristics
of hydrodynamics were analyzed in aspects of separation zone, water level, streamwise velocities,
secondary flows, bed shear stress and flow resistance. Some main conclusions can be drawn from the
results. Compared to the non-vegetated cases, the separation zones in vegetated cases are smaller in
both length and width. With higher vegetation Solid Volume Fraction (SVF), the separation zone is
divided into two parts, a smaller one right after the confluence point and a larger one on the second
half of the curved reach after the confluence. The main circulation cell shrinks and the circulation
near the concave bank moves towards the channel midline. The differences in velocities and bed
shear stress between the convex and concave banks become larger with a higher SVF. Under the same
SVF, a larger vegetation density has more disturbance on the tributary than a larger stem diameter.

Keywords: U-shape open channel; confluence flows; emergent rigid vegetation; separation zone; bed
shear stress; OpenFOAM

1. Introduction

Meandering open-channel confluence flows are ubiquitous in natural and artificial
rivers. Confluences play a critical role in river networks and irrigation systems. Interlaced
channels form intricate flow structures in confluence areas, where strong physical gradients
develop. The complex hydrodynamics further affect the local transport of pollutants and
sediment, as well as aquatic vegetation seeds. According to the investigation carried out
by Roberts [1], flow structures in confluence flows can be divided into six zones, which
are described as stagnation zone, deflection zone, separation zone, acceleration zone,
recovery zone and shear layer (shown in Figure 1). Flow velocities are much smaller in the
separation zone so, there is a higher possibility that aquatic vegetation grows in separation
zones. Moreover, the vegetation’s obstruction has an influence on flow structures in return
resulting in a more complex hydro-environment. Due to the above, it is quite favorable
for understanding flow behaviors and sedimentation issues at river confluences to study
curved open-channel confluence flows with partial vegetation.

Former investigations of curved open-channel confluence flows and rigid vegetated
open-channel flows are reviewed in these two paragraphs, respectively. Amounts of
previous studies in confluence flows were carried out in the past two decades. Some of the
studies focused on the flow behaviors and bed morphology of the natural river confluences.
These studies were carried out by using different kinds of numerical models or analytical
methods based on the tested data of rivers to investigate the effects between the confluence
flows and bed morphology formation [2–7]. The studies took the bed discordance into
consideration and found that the discordance of the bed brought the deflection to the
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confluence flow and changed the lateral pressure gradients resulting in the changes of
secondary flow strength in the local area of confluences. Some investigations paid attention
to the effects of confluence angle, flow discharge ratio and the confluence location on the
flow patterns in experimental curved confluence flows [8–13]. These works gained some
findings that with the increase in tributary flow discharge ratio and confluence angle the
main flows were deflected more obviously towards the convex bank and the separation
zone became larger in both length and width. A few researchers studied the effects of
obstructions in curved confluence flows [14]. The studies mentioned above investigated
the influence on open-channel confluence flows caused by bed morphology, confluence
angle, and discharge ratio. Nevertheless, few of these studies took the effects of vegetation
obstructions into consideration, which is a common occurrence in both natural rivers and
artificial channels.
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Figure 1. Various zones at the confluence of curved open-channel with a tributary.

The studies of rigid vegetated flows focused on straight or curved open channels in
the past twenty years. Nepf et al. [15–20] studied rigid vegetation in flow in a laboratory
straight open channel to investigate the generation of shear layer caused by vegetation
blockages and the turbulence in vegetated flows. As for the numerical studies, a large
number of simulations were carried out in two-dimensional models by adopting shallow
water equations [21–25]. In most 2D simulations, the effects of vegetation usually were
defined as bed friction or roughness. Even though these 2D models showed the capabilities
in modeling the velocity distributions of the vegetated flow, the neglect of three-dimensional
effects led to the deficiency in turbulent flow and secondary flow structures. Moreover, the
generalized vegetation roughness on the channel bed also resulted in an over-prediction of
bed shear stress. Some investigations paid attention to the flow of vegetation in curved open
channel flows and straight confluence flows [26–30]. These studies used the experimental
method or 3-D numerical models to investigate the velocity distributions, secondary flow
structures and bed shear stress of the vegetated flows. The studies demonstrated that
the vegetation stems in the channel obviously compressed the flow area and pushed the
secondary flow cells away from the vegetation array. In some situations, with a large
density of vegetation covering the channel, the secondary flow cells were broken into small
cells or even disappeared. These studies focused on meandering open channel flows with
vegetation and provided analyses of the secondary flow structures. However, the flow
structures in the curved open channel confluence flows are more complex than that of
curved channels.
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The former studies of vegetated flows focused on relatively simple flow fields with
straight or curved channels. Few researchers have paid attention to the effects of vegetation
on curved open channel confluence flows. Moreover, with the low velocities in the separa-
tion zone along the concave bank after the confluence, the sedimentation of silts and seeds
is highly possible to occur in this area. Thus, an investigation of the effects of vegetation on
separation zones, secondary flows and bed shear stress can help to understand the complex
hydrodynamics in the meandering confluences and guide interests on these issues.

In this study, a numerical simulation using the VOF method and the RNG k-ε tur-
bulence model is applied on OpenFOAM (Open Field Operation and Manipulation) to
simulate the flow in a U-shaped open-channel confluence with partially emergent rigid veg-
etation regions near the concave bank after the confluence point. Then the hydrodynamic
characteristics are analyzed in the aspect of the separation zone, water level, streamwise
velocities, secondary flows and bed shear stress, to obtain the effects of rigid emergent
vegetation on the flow regime of curved open-channel confluence flows.

2. Materials and Methods

In this paper, the simulation is carried out by using the incompressible multiphase
flow solver interFoam [31] with the RNG k-ε turbulence model [32]. The Navier–Stokes
equations in Cartesian coordinates are defined as follows:

Continuity equation
∂ui
∂xi

= 0 (1)

Momentum equation

∂ρui
∂t

+
∂

∂xj

(
ρujui

)
= − ∂p

∂xi
+

∂

∂xj

(
τij + τtij

)
+ ρgi + fσi + fi (2)

where ρ represents the fluid density, u represents the velocity, p represents the pressure,
τij and τtij are the viscous and turbulent stresses, gi is the component of gravitational
acceleration, fσi is the surface tension, fi represents the component of external forces such
as the vegetation drag forces.

InterFoam solver uses the VOF method to simulate the water free-surface. In the
VOF method, a volume fraction α is defined to distinguish the two fluid phases in the
computational domain. With the volume fraction α the fluid density ρ is defined as follows:

ρ = αρ1 + (1− α)ρ2 (3)

In this equation, α is 1 when inside the fluid 1 with the density ρ1 and α is 0 when
inside the fluid 2 with the density ρ2. The value of α varies between 0 and 1 at the water
free-surface. To capture the free-surface, an equation regarded as the conservation of
mixture components along the path of a fluid parcel is defined for α:

∂α

∂t
+

∂
(
αuj
)

∂xj
= 0 (4)

The surface tension fσi in the momentum equation is also related to α [33]:

fσi = σκ
∂α

∂xi
(5)

where σ is the surface tension constant and κ is the curvature. The curvature κ is approxi-
mated as follows [34]:

κ = −∂ni
∂xi

= − ∂

∂xi

(
∂α/∂xi
|∂α/∂xi|

)
(6)
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The turbulence model RNG k-ε equations are shown below:

∂ρk
∂t

+
∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − ρε (7)

∂ρε

∂t
+

∂

∂xj

(
ρεuj

)
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
Pk − C∗2ερ

ε2

k
(8)

µt = ρCµ
k2

ε
(9)

Pk = µtS2 (10)

S =
√

2SijSij (11)

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(12)

C∗2ε = C2ε +
Cµη3

1 + βη3

(
1− η

η0

)
(13)

η = S
k
ε

(14)

In the equations, k is the turbulent kinetic energy, ε is the turbulence dissipation rate, µ
is the kinematic viscosity, µt is the turbulence viscosity, σk and σε are the turbulent Prandtl
numbers, S represents the modulus of the mean rate of the strain tensor, Sij is the strain-rate
tensor, Pk is the production of turbulence kinetic energy. The value of constant coefficients
Cµ, C1ε, C2ε, σk, σε, η0, β is shown in Table 1.

Table 1. Value of constant coefficients in the RNG k-ε turbulence model.

Constant Coefficient Value

Cµ 0.0845
C1ε 1.42
C2ε 1.68
σk 0.71942
σε 0.71942
η0 4.38
β 0.012

The liner central differencing scheme is used for the interpolation. The implicit Euler
scheme was applied to discretize the temporal terms. The gradient terms were obtained by
second order Gaussian integration. The convection terms were discretized by the van-leer
scheme, a second order Total Variation Diminishing (TVD) limited scheme. The upwind
scheme was employed for kinetic energy and turbulent dissipation. The PIMPLE algorithm,
which is a combination of the PISO algorithm and SIMPLE algorithm, was applied for the
pressure-velocity coupling at each time step iteration. The under-relaxation method was
applied to reduce solution oscillations and keep the computation stable. The relaxation
factor for velocities was 0.7 while it was 0.3 for the pressure, turbulence kinetic energy and
turbulence dissipation rate.

As for the boundary conditions, the velocities were set based on the water flow
discharges for the inflow boundary. The outflow boundary was set as a zero-gradient
boundary condition. The free-surface boundary was defined as an atmospheric boundary
condition. The standard wall functions were applied for the wall boundaries on the channel
bed, side banks and the surfaces of the vegetation stems.
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3. Model Validations and Simulation Cases Set Up

There are few available experimental investigations on curved open channel confluence
flow with rigid vegetation, in this chapter, an experiment of a U-shape open channel flow
through partially rigid vegetation and another hydraulic experiment in the same U-shape
open channel with a tributary were chosen to be simulated to complete the validation.

3.1. Curved Open Channel Flow with Partially Rigid Vegetation

The experiment of a U-shaped open-channel flow through partially rigid vegetation
was carried out by Huai et al. [27] at the State Key Laboratory of Water Resources and
Hydropower Engineering Science, Wuhan University, Wuhan, China. The experimental
flume with a 1 m wide and 0.25 m high rectangular cross-section consisted of a 4 m straight
inflow reach, a 180◦ curved reach, and a 4 m straight outflow reach. The radius R of the
centerline in the curved reach was 2 m. A 0.25 m wide band was placed along the convex
bank from 2 m after the inlet to 2 m before the outlet. To simulate the rigid vegetation,
reinforcing steel bars with 0.006 m diameter were perpendicularly planted on the band with
a 0.05 m interval space. The height of the steel bars was 0.15 m. The water permeability of
stems was neglected. The inflow discharge was 0.03 m3/s and the water depth measured
at the outlet was 0.148 m. The sketch of this experiment is shown in Figure 2a. The mean
streamwise velocity profiles of test lines (r=1.65 m, 2.00 m, and 2.30 m, respectively) on the
three chosen test cross sections (the entrance, middle and exit of the curved reach) were
sampled to compare with the experimental data.
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Figure 2. (a) The schematic of a U-shape open-channel with an emergent rigid vegetation region
on the convex bank and the detailed view of the vegetation region (units: m); (b) The local refined
calculating mesh.

The calculating mesh was created by the commercial software ICEM-CFD. According
to a mesh in-dependency analysis, a structured 6.94-million-cell mesh was determined
with local refinement in the vegetation region on the convex bank (shown in Figure 2b).
The minimum mesh size was 0.0015 m for the first layer of mesh at the wall boundaries of
the surface on vegetation stems. This was to keep the y-plus value within an appropriate
range (30 ≤ y+ ≤ 300) to ensure the effectiveness of the standard wall function method.
The boundary conditions were the same as those described in Section 2. The volume
fraction α of the part below the water level in the computational domain was set to 1 for
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the initialization of the calculation. The time step was controlled at 0.00175 s so that the
Courant number was kept below 1.

The comparison of the mean streamwise velocity profiles on the test lines of the three
cross-sections between the experimental data and simulation results is shown in Figure 3.
The simulation results were basically consistent with the experimental data. Figure 4
shows the comparison of secondary flow structures on the test cross-sections between
experimental data and simulation results. The secondary flow structures of the simulation
results were similar to those of the experimental data.
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To evaluate the agreement between the simulation results and the experiment data,
the indexes root-mean-squared error (RMSE) and coefficient of determination (R2) were
calculated on the three tested cross-sections. The formulas of RMSE and R2 are described
as below:

RMSE =

√
∑n

i=1(ŷi − yi)
2

n
(15)

y =
1
n

n

∑
i=1

yi (16)

R2 = 1− ∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 (17)

where n represents the number of values in the experiment data, yi is the measured value,
ŷi is the calculated value, and y represents the average value of yi. The RMSE value can
show the dispersion degree of the data. A smaller RMSE value indicates a better prediction
of the model. Moreover, the R2 value is a quantized form for the goodness of fit. The value
of R2 is usually between 0 and 1, a better fit is gained when the value is closer to 1. Table 2
shows the sectional RMSE and R2 of mean streamwise velocities.
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Table 2. RMSE and R2 values of mean streamwise velocities on the three cross-sections.

Section RMSE R2

1 0.01828 0.9458
2 0.01518 0.977
3 0.01791 0.9077

The RMSE values on the three tested cross-sections were quite small and the values
of R2 were close to 1, which indicated the reliability of the model in predicting the mean
streamwise velocities. Especially, the RMSE value of CS. 2 was smaller and the R2 value
was larger, which means that the model was better in the curved reach than at the entrance
and exit of the curved reach. This was similar to the results gained by Shaheed et al.
in modeling a curved open channel flow by using k-ε models. Basically, the validation
demonstrated the capability of the numerical model in simulating flows in curved open
channels with partially rigid vegetation.

3.2. Curved Open Channel Confluence Flow

The physical modeling investigation of a curved open channel confluence flow was
performed by Sui et al. [12]. The main channel was the same as the U-shaped channel
described above in Section 3.1. The tributary channel was a 3.5 m-long straight flume with
a 0.3 m wide and 0.25 m high rectangular cross-section. The confluence was located at a
90◦ cross-section of the curved reach and the confluence angle between the tributary and
the main channel was also 90◦. As for the hydraulic conditions, the main channel inflow
discharge QM was 0.03 m3/s and the tributary discharge QT was 0.018 m3/s. The water level
measured at the entrance of the curved reach was 0.182 m. Test lines (r = 1.71 m, 2.05 m, and
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2.34 m, respectively) on the two cross sections (CS. 1 ϕ = 60◦ and CS. 2 ϕ = 120◦) were chosen
to validate the experimental data. The schematic of the experiment is shown in Figure 5a.
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Figure 5. (a) The schematic of a U-shape open channel with a tributary (units: m); (b) The local
refined calculating mesh.

The calculating mesh owned 1.15 million structured cells with local refinement at the
confluence point (shown in Figure 5b). The minimum mesh size was 0.003 m for the first
layer of mesh at the wall boundaries. The volume fraction α of the part below the water
level in the computational domain was set to 1 for the initialization of the calculation. The
time step was controlled at 0.0123 s to keep the Courant number no more than 1.

The comparison of the mean streamwise velocity profiles on the test lines of the two
cross-sections between the experimental data and simulation results is shown in Figure 6.
Good agreements were obtained. Table 3 shows the RMSE and R2 values on the two tested
cross-sections. The reliability of the model was proved. Figure 7 displays the comparison
of free-surface velocity vectors between experimental data and simulation results. The
simulation results showed the same trends for the velocity vectors as the experimental
data. The comparison of results confirmed the ability of the numerical model to simulate
confluence flows in curved open channels with a separation zone.
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Table 3. RMSE and R2 values of mean streamwise velocities on the two cross-sections.

Section RMSE R2

1 0.01574 0.9034
2 0.03356 0.9798

3.3. Numerical Simulation Cases Set Up

Based on the numerical model validations above, the capability of the model to
simulate the curved open channel confluence flows through rigid vegetation was verified.
Then the model was adopted to study the effects of partially emergent rigid vegetation on
a U-shaped open-channel confluence flow.

Based on the validation simulations above, the numerical simulations were carried
out in the same U-shaped channel as in the experiment described in Section 3.2. Likewise,
the main channel inflow discharge QM and water level h0 were also the same as the second
validation case. This was for controlling variables so as to compare the results with different
tributary flow discharge ratios. Then two different discharge ratios λ (λ = QT/QM, QT
represents the tributary flow discharge) were chosen in the simulations. As for the vegetated
cases, considering the higher possibility of vegetation growing in the low velocities zone
along the concave bank, a 0.25 m-wide vegetation region was set along the concave bank
after the confluence point. The vegetation stems with no water permeability considered
were all 0.25 m height to keep the stems sticking out of the water free-surface. The stems
were arranged in parallel. Two different stem diameters d and interval spaces ∆x were set
in different cases. Three cross-sections (CS. 1: the cross-section right before the confluence
point; CS. 2: the 135◦ cross-section of the curved reach; CS. 3: the exitance section of the
curved reach) in the main channel were monitored. The mesh used in simulations had
about 3.68 million structured grids with local refinement along the concave bank after the
confluence point. The minimum size of the grid near the wall boundary was also 0.0015 m.
The computing time step was set to be about 0.00175 s. The details of all the cases are shown
in Table 4. The simulation schematic and the calculating mesh are shown in Figure 8.
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Table 4. Detailed information list of simulation cases.

Cases QM
(
m3/s

)
QT

(
m3/s

)
λ h0 (m) d (m) ∆x (m) Solid Volume Fraction

1 0.03 0.009 0.3 0.182 - - -
2 0.03 0.018 0.6 0.182 - - -
3 0.03 0.009 0.3 0.182 0.006 0.05 1.14
4 0.03 0.018 0.6 0.182 0.006 0.05 1.14
5 0.03 0.009 0.3 0.182 0.006 0.025 4.55
6 0.03 0.018 0.6 0.182 0.006 0.025 4.55
7 0.03 0.009 0.3 0.182 0.012 0.05 4.55
8 0.03 0.018 0.6 0.182 0.012 0.05 4.55
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4. Results and Discussion

In this section, the flow analysis was performed from the following aspects of stream-
wise velocities, separation zone, water level, cross-section secondary flows, bed shear stress
and flow resistance.

4.1. Steam-Wise Velocities and Separation Zone

Figure 9 below displays the contours and 2-D streamlines of dimensionless streamwise
velocities (U∗ = U/UAverage, UAverage represents the averaged velocity on the cross-section
along the curved channel) on the vertical section near the water surface in the curved
reach after the confluence point of all the cases. In the non-vegetated cases, the velocities
on the convex bank were significantly greater than those on the concave bank, and the
velocity difference between the convex bank and concave bank increased with the increase
in tributary discharge. Because the tributary flow on the concave bank brought a lateral
impact to the main flow and deflected the main flow to the convex bank after the confluence
point. A strong shear layer with a large velocity gradient and momentum exchange was
generated. So, a larger tributary discharge caused a much stronger flow deflection and
resulted in a larger velocity difference between the convex bank and the concave bank.
Moreover, the strong shear layer divided the main flow into two parts, a separation zone
with smaller reversed velocities near the concave bank and a flow acceleration zone with the
largest velocities near the convex bank, respectively. Thus, the border of the separation zone
could be obtained by sampling the points with zero streamwise velocities. In Figure 9, the
black solid lines represent the sampled separation borders and the dashed lines represent
the edge of the vegetation region in vegetated cases. From the streamlines in Case 1
and Case 2, a circulation was formed beside the concave bank after the confluence point.
The circulation extended in both length and width as the tributary discharge increased.
Moreover, the border of the separation zone just passed through the center of circulation.
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The size of the separation zone also increased in both length and width with the increase in
tributary flow discharge. As for the vegetated cases, the flow velocities decreased obviously
in the vegetation region due to the vegetation blockage. With higher Solid Volume Fraction
(SVF), the velocities in the vegetation region decreased more obviously. The circulations
were also much smaller than those in the non-vegetated cases and the separation zones
became smaller in length and width as well. Especially, in the cases with higher SVF, the
position of the separation zone was different from the cases with low SVF. In Cases 1–4,
there was only one large separation zone located right after the confluence point. However,
in Cases 5–8, a relatively smaller separation zone was located at the channel confluence
while another large separation zone was captured near the downstream of the curved
channel. According to the 2-D streamlines, the streamlines near the concave bank became
disordered as the vegetation resistance increased. In cases 1–4, with smaller resistance, the
tributary flow rushed into the main channel and formed a circulation after the confluence
point. While in cases 5–8, the tributary flow was disturbed by the large resistance and
divided into two parts. A little part whirled at the corner right after the confluence point
forming the little separation zone and the other part flowed through the stem space and
slowed down gradually downstream which formed the large separation. Moreover, it
could be observed that in the non-vegetated cases the main flow streamlines deflected in a
similar direction to the separation zone extensions. However, in the vegetated cases the
main flow streamlines deflected along the edge of the vegetation region.
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Figure 10 shows the contours of the radial gradient of streamwise velocities on the
vertical section near the water surface in the curved reach after the confluence point. It
is obvious that a shear layer with a large negative velocity gradient was formed between
the midline and concave bank. In the shear layer, the velocities changed fast and the
momentum exchange was violent. In the non-vegetated cases, the shear layer was located
right beside the border of the separation zone. With the tributary discharge increased, the
value of the velocity gradient increased and the range of the shear layer became larger. In
the vegetated cases, due to the blockage of stems, the velocity gradient in the vegetation
region was relatively small. The shear layer is located beside the edge of the vegetation
region and deflected slightly towards the midline. This phenomenon is consistent with the
deflection of streamlines in Figure 9. What is more, the velocity gradient at the beginning
of the vegetation region was quite large. This is because the tributary flow with large
velocities knocked into the vegetation stems generating a sharp decline in velocities.
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4.2. Water Level

Figure 11 below shows the dimensionless water level (h∗ = h/h0) contours in the
main channel of all the cases. According to the water level contours, for all the cases, the
lowest water level is located near the convex bank in the curved reach after the confluence
point due to the centrifugal force. This character is basically consistent with that in curved
open channel flow. In the non-vegetated cases, the water level near the concave bank in
the separation zone fell visibly as the tributary discharge ratio increased. That is because
the tributary flow diverted water from the concave bank into the central channel. As
the tributary discharge increased, backwater occurred upstream of the confluence, which
caused the water level to increase sharply; the waterhead before and after the confluence
was much larger. The lowest water level points also moved downstream as the tributary
discharge increased. For the vegetated cases, the water level at the confluence point rose
due to the blockage of the vegetation. The downstream water level varied obviously along
the channel width near the convex bank while the water level of the concave bank became
relatively flat. The low water level area near the convex bank shrunk compared to that in
the non-vegetated case because the vegetation region blocked the flows and narrowed the
main flow area. With the increase in SVF, the upstream water level became higher and the
waterhead between upstream and downstream became larger. Especially with the same
SVF (SVF = 4.55%), the upstream water level in Case 5 was a little bit higher than that in
Case 7, and a similar result was also found between Case 6 and Case 8. This phenomenon
demonstrates that under the same solid volume fraction and water barrier area a larger
vegetation density brings more resistance to the flow than a larger stem diameter.



Water 2022, 14, 4027 13 of 20

Water 2022, 14, x FOR PEER REVIEW  13  of  21 
 

 

waterhead between upstream and downstream became larger. Especially with the same 

SVF (𝑆𝑉𝐹 ൌ 4.55%), the upstream water level in Case 5 was a little bit higher than that in 

Case 7, and a similar result was also found between Case 6 and Case 8. This phenomenon 

demonstrates that under the same solid volume fraction and water barrier area a larger 

vegetation density brings more resistance to the flow than a larger stem diameter. 

 

Figure 11. Contours of dimensionless water level in the main channel of all the cases. 

4.3. Cross‐Section Secondary Flow 

To  totally  study  the  effects of discharge  ratios  and vegetation on  secondary  flow 

structures, three typical cross‐sections were chosen. The three cross‐sections were the up‐

stream cross‐section right before the confluence point, the 135° intersecting surface in the 

curved reach and the exit section of the channel bend, respectively (shown in Figure 8a).   

Figures 12–14 below exhibit the contours of dimensionless streamwise velocity (𝑈∗ ൌ
𝑈 𝑈஺௩௘௥௔௚௘⁄ ,  𝑈஺௩௘௥௔௚௘   represents  the averaged velocity  in  the cross‐section) distribution 
and 2‐D velocity vectors on the three cross‐sections of all the cases. According to the ve‐

locity contours, the maximum streamwise velocity occurred near the convex bank, which 

was consistent with Figure 9. On the upstream cross‐section of the confluence point, with 

the tributary discharge ratio increased, the maximum velocity regions moved close to the 

convex bank. The dimensionless velocity near  the convex bank  increased while on  the 

concave bank the dimensionless velocity decreased. There were only minor changes  in 

velocity distribution between vegetated cases and non‐vegetated cases on CS. 1, which 

demonstrated that the vegetation region after the confluence point had less influence on 

the upstream cross‐section than the tributary flows. In CS. 2 and CS. 3, the dimensionless 

velocity on the concave bank became obviously much smaller in the vegetated cases, the 

minimum velocity region basically overlapped with the vegetation region. From the ve‐

locity vectors on the cross‐sections, due to the centrifugal force, a clockwise main circula‐

tion cell was located near the channel bed of the convex bank, which was in tune with the 

curved open channel flow. As the tributary discharge and vegetation SVF increased, the 

scope of main circulation cells apparently shrunk. On  the upstream cross‐section right 

before the confluence point, due to the tributary flow, there was no circulation cell on the 

concave  bank.  In CS.  2,  besides  the main  circulation  cell,  there was  another  reversed 

smaller circulation on the concave bank. The concave bank circulation was formed by the 

effects of turbulence flow and the driving forces brought by the main circulation cell. In 

the vegetated cases, the main circulation cell near the convex bank shrunk and the con‐

cave‐bank circulation moved towards the channel midline. This phenomenon was much 

more apparent in the cases with higher SVF. Moreover, in the vegetation region, due to 

the obstruction of stems, the anisotropy of turbulence flow was enhanced so that the vec‐

tors became smaller and more chaotic. Moreover, in CS. 3, the main circulation cells near 

Figure 11. Contours of dimensionless water level in the main channel of all the cases.

4.3. Cross-Section Secondary Flow

To totally study the effects of discharge ratios and vegetation on secondary flow
structures, three typical cross-sections were chosen. The three cross-sections were the
upstream cross-section right before the confluence point, the 135◦ intersecting surface in the
curved reach and the exit section of the channel bend, respectively (shown in Figure 8a).

Figures 12–14 below exhibit the contours of dimensionless streamwise velocity
(U∗ = U/UAverage, UAverage represents the averaged velocity in the cross-section) dis-
tribution and 2-D velocity vectors on the three cross-sections of all the cases. According to
the velocity contours, the maximum streamwise velocity occurred near the convex bank,
which was consistent with Figure 9. On the upstream cross-section of the confluence point,
with the tributary discharge ratio increased, the maximum velocity regions moved close
to the convex bank. The dimensionless velocity near the convex bank increased while on
the concave bank the dimensionless velocity decreased. There were only minor changes
in velocity distribution between vegetated cases and non-vegetated cases on CS. 1, which
demonstrated that the vegetation region after the confluence point had less influence on
the upstream cross-section than the tributary flows. In CS. 2 and CS. 3, the dimensionless
velocity on the concave bank became obviously much smaller in the vegetated cases, the
minimum velocity region basically overlapped with the vegetation region. From the veloc-
ity vectors on the cross-sections, due to the centrifugal force, a clockwise main circulation
cell was located near the channel bed of the convex bank, which was in tune with the
curved open channel flow. As the tributary discharge and vegetation SVF increased, the
scope of main circulation cells apparently shrunk. On the upstream cross-section right
before the confluence point, due to the tributary flow, there was no circulation cell on
the concave bank. In CS. 2, besides the main circulation cell, there was another reversed
smaller circulation on the concave bank. The concave bank circulation was formed by
the effects of turbulence flow and the driving forces brought by the main circulation cell.
In the vegetated cases, the main circulation cell near the convex bank shrunk and the
concave-bank circulation moved towards the channel midline. This phenomenon was
much more apparent in the cases with higher SVF. Moreover, in the vegetation region, due
to the obstruction of stems, the anisotropy of turbulence flow was enhanced so that the
vectors became smaller and more chaotic. Moreover, in CS. 3, the main circulation cells
near the bed of the convex bank were much smaller than those in CS. 1 and CS. 2. The
circulations near the concave bank also shrunk significantly, which in the vegetated cases
were hardly observed.
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The secondary flow strength is described by a dimensionless coefficient Sxy, which
was introduced by Shukry [35] in his studies on the streamflow at the riverbank. The
coefficient Sxy represents the kinetic energy ratio of the lateral current and mainstream on a
given cross-section, and the formula is defined as follows:

Sxy =

∫ (
Ur

2 + Uv
2)dA∫

(Us2 + Ur 2 + Uv2)dA
(18)

where Us, Ur and Uv represents the streamwise velocity, radial velocity and vertical velocity
on the cross-section, respectively.
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Figure 15 shows the secondary flow strength on the cross-sections along the curved
reach of all the cases. According to the Sxy lines, the secondary flow strength before
the confluence point increased gradually along the channel and was almost the same
in all the cases with different flow discharge ratios and different vegetation densities.
This phenomenon demonstrates the tributary and vegetation had a tiny effect on the
upstream secondary flows which increased due to the centrifugal effects brought by the
curvature. The largest Sxy point is located at the 90◦ cross-section with a sharp increase
around the confluence point. This is because the tributary flow brought a strong lateral
current to the main flow and the turbulence characteristics were strengthened in the
confluence area. Moreover, in the cases with a larger tributary discharge ratio (λ = 0.6)
the maximum secondary flow strength was much larger than those in the cases with a
smaller discharge ratio (λ = 0.3). After the confluence point, the secondary flow strength
declined dramatically and reached the minimum value at the 120◦ cross-section. That is
because the flow acceleration zone with the narrowest main flow width was located in this
area and the streamwise velocities reached the maximum value. The kinetic energy of the
mainstream was much larger than the that of lateral current. After the 120◦ cross-section,
in the non-vegetated cases, the secondary flow strength increased gradually along the
channel. While in the vegetated cases, due to the blockage brought by the vegetation, the
width of the main flow was narrowed along the channel and the secondary flow strength
hardly changed until the 180◦ cross-section. What is more, as the vegetation resistance
blocked the flow on the concave bank, the secondary strength in the vegetated cases was
larger at the 90◦ cross-section and smaller in the downstream curved reach than that in the
non-vegetated cases.
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4.4. Bed Shear Stress

The dimensionless bed shear stress, i.e., friction coefficient C f can be defined as the
following expression:

C f =
τ

ρU∞2 (19)

where τ represents the bed shear stress, ρ represents the water density, and U∞ represents
the averaged streamwise velocity at the channel exit.

Figure 16 displays the contours of bed shear stress friction coefficient C f of the main
channel in all the cases. According to the investigation carried out by Kashyap et al. [36],
for the high curvature flatbed channels (R/B ≤ 3), the region of maximum bed shear stress
is located near the convex bank upstream after the curved reach entrance, and gradually
moves towards the concave bank downstream. While in this paper, the results were quite
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different from those in curved open channels. The region of maximum bed shear stress
was always located near the convex bank along the whole curved reach. The tributary
flow deflected the main flow from the concave bank to the convex bank and induced a
large velocity difference between the inner side and outer side of the curved channel. The
near-bed vertical velocity gradient was much larger on the convex bank than that on the
concave bank. As the same as the streamwise velocities, with the increase in tributary
discharge, the difference in bed shear stress between the convex and concave banks was
obviously larger. For vegetated cases, due to the resistance brought by stems, the velocities
near the convex bank became much larger, and so was the near-bed velocity gradient.
Then the bed shear stress in the non-vegetated region was also much larger than in the
vegetation region. With the increase in SVF, the maximum bed shear stress became larger.
Especially, with the same SVF (SVF = 4.55%), the maximum bed shear stress in Case 5 and
Case 6 was a little bit bigger than that in Case 7 and Case 8. The reason leading to these
results is similar to the streamwise velocity gradient. The bed shear stress is in proportion
to the near-bed vertical velocity gradient [37]. Moreover, in the non-vegetated cases, the
maximum bed shear stress near the convex bank basically occurred in the flow acceleration
zone which was on the opposite of the separation zone. While in the vegetated cases, the
maximum bed shear stress region almost covered the convex bank after the confluence
point. Furthermore, near the concave bank, there was a dramatic decline in the friction
coefficient. Moreover, in the non-vegetated cases, the region of decline was associated with
the tributary discharge, with the increase in tributary discharge, the decline region moved
gradually from the concave bank to the midline. While in the vegetated cases, the dramatic
decline of bed shear stress basically occurred around the edge of the vegetation region.
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all the cases.

4.5. Flow Resistance

The flow resistance brought by rigid vegetation is often quantified by the vegetation
drag coefficient, which is a normalized form of drag force. The drag coefficient of a single
vegetation stem is defined below:

Cdi =
Fdi

0.5AρUre f
2 (20)

where Fdi represents the drag force of the stem, A is the projection area of the stem, ρ is
the fluid density, Ure f is the reference velocity approach to the stem. Since the velocity
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approach to a stem is quite difficult to observe in a vegetation array, the drag coefficient of
the stem is also defined as an averaged drag coefficient:

Cd =
Fd

0.5ANρUm2 (21)

where Fd represents the total drag force of the vegetation array, A is the projection area
of the stem, ρ is the fluid density, N is the number of stems in the array, and Um is the
averaged streamwise velocity on the cross-section right before the vegetation region.

The time-averaged drag coefficients of all the vegetated cases are shown in Figure 17
below. According to Figure 17, the drag coefficients of all the cases were quite small due
to the low velocities on the concave bank after the curved open channel confluence. The
low velocities in the separation zone brought weak interaction between the flow and stems,
and the drag forces in this area were very small. Comparing the drag coefficients in the
cases, with the same planting scheme, the drag coefficients in the cases with larger flow
discharge were a bit smaller than those in the cases with smaller discharge. Moreover,
the drag coefficients decreased obviously with the increase in SVF. Under the same SVF
(SVF = 4.55%), the drag coefficients in Case 5 and Case 6 were much smaller than those in
Case 7 and Case 8. The results indicate that the vegetation drag coefficient in the curved
open channel confluence flow decreases with the increase in stem Reynolds number and
vegetation planting density, which is consistent with the findings in Tanino and Nepf [38].
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Figure 17. The time-averaged drag coefficients of all the vegetated cases.

Figure 18a,b display the local time-averaged drag coefficients along the curved channel
after the confluence. From Figure 18, in each case, the local drag coefficients showed
the same variation trend. The largest drag coefficient occurred at the beginning of the
vegetation array. The large flow velocities coming from the confluence point knocked into
the vegetation with a strong impact. In the middle reach of the vegetation zone, the flow
was deflected to the convex bank; the velocities in this area were relatively smaller, thus the
smallest drag coefficient located in this area. With the flow recovery before the exit of the
curved reach, the drag coefficient became a little bit larger. Comparing the drag coefficients
in the cases with the two different discharge ratios, the drag coefficients in the cases with
larger tributary discharge were larger at the beginning of the vegetation array and smaller
downstream of the confluence. This was because the larger tributary discharge brought a
stronger impact to the stems at the beginning of the vegetation region and deflected the
main flow downstream more obviously away from the concave bank towards the convex
bank.
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5. Conclusions

The hydrodynamics of a U-shape open channel confluence flow with partially rigid
emergent vegetation were simulated by the RNG k-ε numerical model coupled with the
VOF method in OpenFOAM. The results of streamwise velocity, separation zone, water
level, cross-section secondary flows and bed shear stress were analyzed. Some main
findings are summarized as follows:

• The streamwise velocities of the convex bank were significantly greater than those
of the concave bank and this velocity difference increased as the tributary discharge
increased. The vegetation blocked the tributary flow to the mainstream causing
an obvious decrease in velocities in the vegetation region. Moreover, the velocity
difference between the convex bank and the concave bank was much larger. This
change was more apparent with the higher vegetation solid volume fraction.

• The tributary flow impacted and deflected the main flow producing a separation
zone with reversed smaller velocities on the concave bank after the confluence point.
With the increase in tributary discharge, the separation zone became larger in both
length and width. The vegetation near the concave bank played a role in blockage
on the tributary flow and changed the mainstream deflecting direction. Compared to
the non-vegetated cases, the separation zone was much smaller in length and width.
Especially, with higher vegetation solid volume fraction (SVF = 4.55%), the separation
zone was divided into two parts, a smaller one right after the confluence point and a
larger one on the second half of the curved reach after the confluence.

• The lowest water level point was located near the convex bank in the curved reach after
the confluence point. Moreover, with the tributary discharge increased, the water level
before the confluence increased while the water level after the confluence fell visibly.
The lowest water level points also moved downstream as the tributary discharge
increased. The vegetation brought resistance to the tributary flow causing backwater
upstream of the confluence. The water level varied fast near the convex bank and
tended to be gentle in the channel midline. With the same SVF (SVF = 4.55%), a
larger vegetation density brought more resistance to the tributary flow than a larger
vegetation stem diameter.

• On the upstream cross-section right before the confluence point, there was only one
main circulation cell located near the channel bed of the convex bank. While on
the downstream cross-sections, besides the main circulation cell, there was another
reversed smaller circulation on the concave bank. As the tributary discharge and
vegetation SVF increased, the main circulation cell apparently shrunk and the concave-
bank circulation moved towards the channel midline. Moreover, on the 180◦ cross-
section, the circulation cells were much smaller than those in the curved reach. The
maximum secondary flow strength was at the 90◦ cross-section where the confluence
point was located.
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• As the same trends of streamwise velocities, the region of maximum bed shear stress
was always located near the convex bank along the whole curved reach. Compared
to the non-vegetated case, the maximum bed shear stress was much larger in the
vegetated case. Moreover, the bed shear stress in the non-vegetated region was
also larger than that in the vegetated region. As the vegetation SVF increased, this
difference became larger.

• The time-averaged drag coefficients of the vegetation decreased with the increase in
stem Reynolds number and vegetation planting density. Along the arc length of the
vegetation region, the largest local drag coefficient was located at the beginning of
the region and decreased sharply in the middle reach, then it became a little bit larger
downstream before the exit of the curved reach.

In this study, a U-shape open channel flow with a tributary on the concave bank
was simulated by a numerical model. An emergent rigid vegetation region was set on
the concave bank after the confluence point. The effects of tributary discharge ratio and
vegetation density on the hydrodynamics were analyzed based on the results. This work
provided a reference guide to understanding the dynamics and structures of the weedy
interlaced meandering channels. The main implications of the study are to benefit water
ecological management and restoration, whether natural rivers or urban artificial canals.

However, there are still lots of problems that are worthy of being investigated in this
issue. In this study, the open channel was a 180◦ curved rectangular-cross-section channel
with a tributary located at the 90◦ point of the curve; the vegetation region was covered
with emergent rigid stems. In future studies, the degree of the curve, the shape of the
cross-section, the location of the confluence point and the flexibility of the vegetation are to
be taken into consideration. Even more, the contaminant transport and sediment deposition
in the curved open channel confluence flow through vegetation are also good extensions of
this topic.
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