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Abstract: Curved channels and aquatic vegetation are commonly present in the riverine environment.
In this study, the effects of vegetation density and distribution on the hydrodynamic characteristics
of a mixed layer developed over a 180-degree curved channel were investigated through flume
experiments. Wooden sticks were used to simulate rigid vegetation distributed along the half side
of the channel, and a 200 Hz acoustic Doppler velocimeter (ADV) was employed to measure the
three-dimensional instantaneous velocity at five selected cross sections along the curved channel.
Experimental results show that the vegetation covering the half of the channel significantly affects
the hydrodynamic structure of the curved channel flow, and the unequal vegetation resistance
induces the K-H instability at the vegetation and non-vegetation interface, resulting in a standard
hyperbolic tangent function of streamwise velocity distribution along the lateral direction. The
influence of curve position on turbulence kinetic energy is far greater than that of vegetation density
and vegetation distribution. The peak value of turbulent kinetic energy is comprehensively affected
by vegetation density and distribution, and the peak position of turbulent kinetic energy at the
interface is changed by different vegetation distribution. The combined effect of the curve and the
partly covered vegetation increases the mixing between the water bodies, enhancing turbulent kinetic
energy, and vegetation along the concave bank plays a more significant role. For turbulent bursting,
the inward and outward interactions are mainly bursting events in the vegetation area, while ejections
and sweeps are dominant in the non-vegetation area. However, the critical vegetation condition to
initiate large-scale coherent structure (LSS) in the mixed layer and the influence of flexible vegetation
need to be further studied in the future.

Keywords: emerged rigid vegetation; curved channel; mixed layer; turbulent kinetic energy; power
spectral analysis

1. Introduction

Flow in an open curved channel is commonly observed in nature and hydraulic
engineering. Due to the existence of the centrifugal force in the bend, the flow forms a
spiral movement (main circulation) along the cross section of the bend [1]. The spiral
movement will lead to the uneven distribution of flow velocity, erosion and sedimentation
of the bank, and the diffusion of sediment and pollutants [2]. In recent years, experiments
have also found that there is a secondary circulation in the area near the water surface at
the concave bank of the bend opposite to the rotation direction of the main circulation,
which plays an important role to protect on the concave bank of the river from erosion [3,4].
Therefore, it is of great practical value to study the turbulent characteristics of bend flow for
river regulation, water diversion works, channel navigation, etc. Because of the complexity
of the turbulent mechanism of the bend flow, most of the actual flow problems cannot

J. Mar. Sci. Eng. 2023, 11, 213. https://doi.org/10.3390/jmse11010213 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11010213
https://doi.org/10.3390/jmse11010213
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-0643-5542
https://doi.org/10.3390/jmse11010213
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11010213?type=check_update&version=1


J. Mar. Sci. Eng. 2023, 11, 213 2 of 21

be solved analytically. In addition, it requires a lot of logistical efforts to carry out field
measurement in natural rivers, so laboratory experiments are favorable alternatives to
study the turbulence characteristics of flow in a curved channel. In the 1950s, Rosovsky [5]
systematically measured the flow velocity in a curved wooden channel. Experimental
studies have shown the existence of circulation in the bend, and a formula for transverse
velocity distribution has been derived. Booij [6] and Blanckaert et al. [3,7] used an acoustic
Doppler velocity profiler (ADVP) to accurately measure the main flow, the secondary flow
and the second counterrotating secondary flow cell and correct shear stresses over a curved
channel. Zeng et al. [8] confirmed the complicated nonlinear interaction between the
downstream velocity and the cross-stream circulation through experiments and numerical
simulation and explained the reasons for different turbulent kinetic energy at different
sections. Bodnar et al. [9]discussed the elevation differences of free water surface along the
channel curve through numerical simulation. These studies gave solid understanding on
curved channel flows.

Aquatic vegetation is an important part of the natural riverine ecosystem and has
unique ecological value, because aquatic vegetation affects hydrodynamic conditions by
changing flow resistance and bed roughness [10]. Vegetation blocks the cross section of
the river, resulting in different flow resistance conditions in the main river channel area
and vegetation area. Water flow within vegetation has been studied since the 1950s. For
example, Kouwen [11] derived a vertical distribution formula for velocity along the water
depth within vegetation. Nepf and Vanoni [12] revealed that the turbulence intensity of
emerged vegetation is almost uniform along the depth through flume experiments. When
the vegetation is partially distributed over the channel, there is a strong shear between the
nearly parallel but different flow velocities in the vegetation area and the non-vegetation
area. In addition, its transverse distribution of longitudinal velocity has strong inflection
points, also called mixed layer, so it is subject to Kelvin–Helmholtz (KH) instability and
subsequent large-scale coherent structure (LSS) [13]. White and Nepf [14] suggested that
the existence of LSS enhances the momentum exchange between the vegetated and non-
vegetated areas of the channels. Therefore, the existence of LSS directly affects the velocity
distribution and lateral momentum transport efficiency, which could alter the motions of
sediment and nutrients on the floodplain [15,16]. Caroppi [17] experimentally found that
vegetation resistance directly determines the velocity ratio of vegetation and non-vegetation
areas, and LSS will disappear with the decrease of vegetation density.

For the curved channel covered with vegetation, the flow field becomes very complex
due to the combination of the centrifugal force and the resistance of vegetation at the same
time [18]. The vegetation reduced centrifugal effects at the bend entrance but enhanced
them at the bend exit, affecting flow in the downstream bend [19]. In addition, the circula-
tion cells caused by the secondary flow in the bend with vegetation is smaller and more
spread than those observed in the non-vegetation case, which means a decrease in intensity
of the cross-sectional flow [20]. Termini [21] mentioned that the turbulent quantities in veg-
etated meandering rivers are significantly affected by the relative vegetation submergence
and different locations of the bend. Yang [22] revealed that vegetation of the convex bank
increases the velocity gradient of the mixed layer larger more that of the concave bank,
and both the curve and the vegetation will change the frequency of turbulence activities.
Liu et al. [23] showed that the rigid emerged vegetation patches in the bend have a sig-
nificant impact on the longitudinal dispersion coefficient through velocity measurement.
However, the development of the mixed layer for different vegetation distribution over a
curved channel is still not well understood.

Yang et al. [22] only measured the mixed layer with vegetation density 2.235% and
did not discuss the effect of vegetation density on the mixed layer or large-scale vortex
structure along a curved channel. Therefore, this study focuses on the changes of velocity
ratio and large-scale vortex structure in the mixed layer produced by the nonuniform
vegetation distribution with different vegetation densities (2.235% and 4.47%). Laboratory
experiments were carried out in a 180-degree curved channel with wooden sticks simulating
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rigid emerged vegetation and occupying half a side of the channel. The flow characteristics
such as the transverse distribution of velocity, turbulence intensity, turbulence spectrum
and turbulence bursting analysis within partially distributed vegetation are analyzed using
the measurements from the acoustic Doppler velocimeter (ADV). The paper is organized as
follows. Section 2 describes the experimental setup and relevant parameters. In Section 3,
the experimental results of velocity transverse distribution, turbulence kinetic energy,
turbulence spectrum and turbulence bursting are presented, discussed and compared
to reveal the influence of vegetation and curve on the mixed layer. Finally, the main
conclusions are given in Section 4.

2. Materials and Methods
2.1. Experimental Apparatus

In the experiments, a 180-degree recirculating flume is used to simulate the curved
river in nature. The flume is located in the Ocean Engineering Laboratory, Zhoushan
Campus, Zhejiang University, China. The flume has a rectangular section made of plexiglass
with width of 0.4 m and height of 0.4 m, and consists of three parts: a U-shaped curved
flume, flow control system, and tailgate opening control system. The total length of the
flume is 33 m, which consists of a 180-degree U-shaped curved reach with the center radius
of curvature R equal to 1.4 m, a 12 m inflow straight reach and a 16 m outflow straight
reach, and the constant slope of the whole flume is 0.5%. The water used in the flume is
stored in the underground reservoir and recirculated by the pump. During the experiment,
the feedback control system set the constant flow of 0.03 m3/s and the constant water level
at the tailgate of 0.35 m.

A three-dimensional coordinate system is established in the flume for data processing.
The x, y and z flume coordinate system axes refer to the longitudinal, transverse and
vertical directions, respectively. The position where x = 0 is at the inlet of the flume, which
is positive towards the downstream; the position where y = 0 is the convex bank wall of
the curve is positive towards the concave bank of the curve; the position where z = 0 is
the bottom of the flume, and upward is positive. In the flume coordinate system defined
above, the three-dimensional velocity components are respectively expressed as u, v and w,
corresponding to the x (longitudinal), y (transverse) and z (vertical) directions.

In this experiment, a Nortek Vectrino ADV, a three-dimensional Doppler acoustic
current velocimetry (ADV) with 200 Hz sampling frequency, was used to measure the three-
dimensional instantaneous velocities (u, v, w). Each measuring point was continuously
sampled for 120 s to ensure the accuracy and reliability of the data [24], which means
about 24,000 velocity samples can be obtained at each measuring point. Through time
independence verification, it is proved that the number of samples is far greater than the
number required to achieve stable velocity. Therefore, the velocity samples collected in
this experiment are sufficient to avoid the data measurement error caused by velocity
fluctuation, so as to further eliminate the random error and improve the accuracy of
velocity data.

The sampling volume of the vertical probe ADV is 0.09 cm3, and the actual measuring
point is 5 cm below the probe tip to avoid turbulence generated and the impact on the flow
structure by the probe. In order to ensure the quality of the measured data, the method of
Goring and Nikora (2002) was used to despike the noise [25] and remove the unqualified
data with a signal-to-noise ratio (SNR) below 20 and correlation coefficient (COR) of the
measured data below 70 [26].

The wooden sticks with diameter of 0.06 m and height of 0.3 m were selected to
mimic emerged rigid vegetation, which is 3–5 cm higher than the water surface in the
curve to achieve an emerged state. Considering that the vegetation density is close to
that in nature [27], the volume density φ of vegetation area was set as 2.235% and 4.47%,
respectively, and arranged in a regular aligned pattern [22]. The vegetation density φ is
defined as follows:

φ =
1
4

πad (1)
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where a is vegetation area per unit volume, and d is vegetation diameter.
To prevent acoustic signal disturbance by the vegetation stems, two or three vege-

tation stems were removed when the ADV measurements were conducted. Based upon
the suggestions in Caroppi et al. [28], the removal of stems over length <3Lx (Lx is the
spacing between two nearby stems in the streamwise direction, for φ = 2.235% and 4.47%,
Lx = 2.5 cm and 5 cm, respectively) has a negligible impact upon the measured
velocity statistics.

Most of the vegetation in nature that grows along the meandering rivers is unevenly
distributed. Therefore, three vegetation configurations were designed in the experiment to
simulate this distribution pattern, which is shown in Figure 1: (i) bare-bed case (without
vegetation shown in Figure 1a), (ii) convex case (vegetation was distributed half width
of the channel and only along the convex bank (shown in Figure 1b), and (iii) concave
case, where vegetation was distributed over a half width of the channel and only along the
concave case (shown in Figure 1c).

Figure 1. Cont.
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Figure 1. Vegetation configurations for laboratory experiments (Left: top view; Right: cross-section
view, h is water depth, B is the channel width, Bv is the width of vegetation patches, and Bv/B is 1/2
in our experiments). (a) Bare-bed case. (b) Convex case (c) Concave case (d) Photos of vegetation
configurations (taking the convex case as an example).

The data are measured at five selected characteristic cross sections, i.e., 0◦, 45◦, 90◦,
135◦ and 180◦ sections. In order to discuss the influence of partly distributed vegetation
on the distribution of transverse velocity, three transverse lines at each cross section were
selected, which were 2 cm, 12 cm and 18 cm from the channel bed. In each transverse line,
measurements were carried out every 1 cm at 10 cm to 30 cm from the convex wall and
every 2.5 cm outside this region, as shown in Figure 2.

Figure 2. Flume picture and distribution of measuring points. (a) 180◦ U-shaped curve flume.
(b) The schematic of the measuring points (as mentioned above, some vegetation stems are removed
for ADV measurement).
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2.2. Experimental Cases and Parameters

In this experiment, five experimental conditions were set up, including four cases of
experimental conditions under different vegetation density and distribution location and
one case of non-vegetation (bare case) conditions, which are: (i) convex case φ = 2.235%;
(ii) convex case φ = 4.47%; (iii) concave case φ = 2.235%; (iv) concave case φ = 4.47%;
(v) bare case.

In order to analyze the velocity distribution, U1 and U2 are defined as the ambient
velocity within the vegetated area and the non-vegetated area respectively, i.e., U1 < U2.
In the calculation, their value depends on the spatial growth characteristics, U2 is the
maximum velocity in the vegetated area (usually the velocity closest to the wall), and U1 is
the average velocity that reaches stability in the vegetation area. The convection velocity
Uc, velocity difference ∆U and velocity ratio λ are defined by U1 and U2:

Uc = (U1 + U2)/2 (2)

∆U = U2 − U1 (3)

λ = ∆U/2Uc (4)

The velocity ratio λ provides the relative magnitude of the total shear compared to the
convection velocity [28]. In the canonical plane mixing layer, the velocity ratio λ controls
the spatially growing characteristics of the mixing layer [29]. The mixed layer develops
to be stable at a certain distance from the shear origin. This development trend is not
only limited by the resistance from the channel bed, the lateral limit of the side wall, and
the vertical limit of the flow surface [30], but also related to the density of vegetation, the
circulation in the bend and other factors. The λ value is used for quantitative analysis in
this study.

The momentum thickness of the vegetation mixed layer is defined as:

θ =
∫ B

0

{
1
4
−
[

U(y)−Uc

∆U

]2
}

dy (5)

where U (y) is the transverse distribution of longitudinal velocity u, and the width of a shear
layer δ is defined as the distance between positions where velocity difference ∆ U reaches
10% and 90% of the ambient flow value [31]. The Reynolds number based on mixing layer
thickness Reθ and water depth Reh can be defined as:

Reθ = ∆Uθ/ν (6)

Reh = U2h/ν (7)

where ν is the kinematic viscosity of water.
Table 1 provides the important parameters obtained from experiments.

Table 1. Results of the experiment.

Case 1 (Convex Case) 2 (Convex Case)

Section 0◦ 45◦ 90◦ 135◦ 180◦ 0◦ 45◦ 90◦ 135◦ 180◦

Density 2.24% 2.24% 2.24% 2.24% 2.24% 4.47% 4.47% 4.47% 4.47% 4.47%
h(m) 0.258 0.262 0.269 0.273 0.278 0.254 0.255 0.258 0.262 0.266

U1(m/s) 0.1655 0.1332 0.1169 0.0970 0.0830 0.0809 0.0541 0.0505 0.0500 0.0494
U2(m/s) 0.4339 0.4779 0.4754 0.4718 0.4700 0.4534 0.4737 0.4379 0.4288 0.4439
UC(m/s) 0.2997 0.3056 0.2962 0.2844 0.2765 0.2672 0.2639 0.2442 0.2394 0.2467
∆U (m/s) 0.2684 0.3447 0.3585 0.3748 0.3870 0.3725 0.4196 0.3874 0.3788 0.3945

δ(m) 0.08 0.10 0.11 0.12 0.14 0.07 0.11 0.13 0.14 0.15
θ(m) 0.0400 0.0348 0.0304 0.0317 0.0376 0.0218 0.0266 0.0297 0.0342 0.0356

λ 0.45 0.56 0.61 0.66 0.70 0.70 0.79 0.79 0.79 0.80
Reθ 10736 11996 10898 11881 14551 8121 11161 11506 12955 14044
Reh 111946 125210 127883 128801 130660 115164 120320 112978 112346 118077

Reθ/Reh 0.10 0.10 0.09 0.09 0.11 0.07 0.09 0.10 0.12 0.12
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Table 1. Cont.

Case 3 (Concave Case) 4 (Concave Case)

Section 0◦ 45◦ 90◦ 135◦ 180◦ 0◦ 45◦ 90◦ 135◦ 180◦

Density 2.24% 2.24% 2.24% 2.24% 2.24% 4.47% 4.47% 4.47% 4.47% 4.47%
h(m) 0.260 0.264 0.267 0.274 0.278 0.255 0.262 0.263 0.267 0.272

U1(m/s) 0.1500 0.1024 0.1192 0.1183 0.1423 0.0590 0.0379 0.0456 0.0449 0.0433
U2(m/s) 0.4659 0.4891 0.4223 0.4602 0.4467 0.3477 0.3867 0.3049 0.2978 0.2773
UC(m/s) 0.3080 0.2958 0.2708 0.2893 0.2945 0.2034 0.2123 0.1752 0.1714 0.1603

∆U 0.3159 0.3867 0.3031 0.3419 0.3044 0.2887 0.3488 0.2593 0.2529 0.2339
δ(m) 0.14 0.15 0.17 0.16 0.16 0.08 0.11 0.07 0.09 0.07
θ(m) 0.0414 0.0376 0.0330 0.0327 0.0346 0.0233 0.0291 0.0221 0.0242 0.0224

λ 0.51 0.65 0.56 0.59 0.52 0.71 0.82 0.74 0.74 0.73
Reθ 13078 14540 10002 11180 10532 6727 10150 5731 6120 5239
Reh 127657 134992 116133 126095 120609 88664 101315 80189 79513 75426

Reθ/Reh 0.10 0.11 0.09 0.09 0.09 0.08 0.10 0.07 0.08 0.07

3. Results
3.1. Transverse Velocity Distribution

Figure 3 shows the transverse distribution of longitudinal velocity for different cases.
The abscissa is the normalized width y/B, where B (=0.4 m) is the width of the flume. The
ordinate is the longitudinal velocity, and its value is the average velocity of 120 s measured
by ADV. The blue vertical dotted line in the figure indicates the boundary between the
vegetation area and the non-vegetation area, that is, the center line of the flume, 20 cm from
the convex bank.

Figure 3. Cont.
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Figure 3. Longitudinal velocity distribution along transverse direction on five cross sections.
(a) Transverse distribution of longitudinal velocity at different vertical positions in Case 1 (b) Trans-
verse distribution of longitudinal velocity at z = 12 cm for different cases.

Case 1 was taken as an example to show the influence of vertical positions in five char-
acteristic sections on the transverse distribution of longitudinal velocity in Figure 3a. For
each section along the curve, the longitudinal velocity is generally small in the vegetation
area but large in the non-vegetation area. In addition, there is an obvious velocity gradient
between vegetation and non-vegetation areas as in the case of a straight channel [17]. The
results also show that the transverse distribution of velocity at different depth is basically
similar, and there is a small velocity difference only near the side wall, for the wall effect is
greater than the vegetation resistance. It implies that the change in vertical depth position
does not have an impact on the trend of transverse velocity distribution and the velocity
in the mixed layer when a rigid round stick with vertically uniform resistance was used
as simulated vegetation. Therefore, the medium depth survey line of z = 12 cm from the
bottom was taken as an example to analyze the test cases.

The results in Figure 3b show that the velocity distribution was jointly affected by the
effects of vegetation density and vegetation distribution and the curve effect. For the same
distribution cases, velocity along the transverse direction for Cases 1 and 3 (φ = 2.235%) is
significantly larger than that for Cases 2 and 4 (φ = 4.47%), indicating that the vegetation
resistance is still the main factor to affect the velocity. However, for the same difference in
vegetation resistance, the variation in velocity in the concave case (the difference of velocity
between Cases 2 and 4) is considerably greater than that in convex case (the difference
of velocity between cases 1 and 3). It can be seen that the response of velocity to the
change of vegetation density in the concave bank is faster. In addition, when vegetation
density is the same in the concave or convex bank, the velocity distribution for the concave
and convex bank is symmetrical with respect to the vegetation boundary (i.e., y/B = 0.5)
for sparse vegetation (φ = 2.235%). On the other hand, when the vegetation density is
greater (φ = 4.47%), the velocity distribution for the concave and convex cases is no longer
symmetrical. The velocity U1 in the vegetation area is still similar, but there is a significant
difference in the velocity U2 in the non-vegetation area. For example, U2 at the 0 ◦ section
of case 2 is 0.4534 m/s, while for Case 4 it is 0.3477 m/s. This result reveals that the change
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of vegetation density on convex bank and concave bank has different effects on transverse
velocity distribution as [22] mentioned.

The effect of the channel bend on velocity distribution is mainly represented by the
secondary flow. The velocity U1 has almost no significant change in the vegetation area
of each section during the development along the curve, but the velocity U2 in the non-
vegetation area of the convex case gradually increase from the 0◦ section to180◦ section.
The decrease along the curve of the velocity difference ∆U (in Table 1) also proves the
maximum velocity U2 was not completely developed. This trend mainly appears in the
velocity of concave area, while the velocity of convex area is not affected by the curve. This
is possibly due to the secondary flow induced by the channel bend.

For all experimental cases, the velocity ratio λ that characterizes the mixing layer
ranges between 0.45~0.81, which is greater than 0.3 [16,32], the threshold to initiate the K-H
instability. It is confirmed that K-H instability exists in all experimental cases, and there is
an inflection point of transverse velocity profiles and large velocity gradient. Therefore,
this research is applicable to the mixed layer theory affected by the K-H instability [33].

Since there is an inflection point in the shear section of the velocity distribution, the
shape is similar to the standard hyperbolic tangent function of the mixed layer:

U −U
∆U

= 0.5tan h
(

y− y
2θ

)
(8)

Cases 2 and 4 with large vegetation density were taken as examples to compare the
measured data with the theoretical formula in Equation (8), as shown in Figure 4. The
points in Figure 4 are the measured data of different vertical positions, and the blue line is
the theoretical curve. The results in Figure 4 show that the transverse distribution of the
measured longitudinal velocity is in good agreement with the hyperbolic tangent function
of the mixed layer, suggesting the similarity of the mixed layer in straight reach and curved
reach (both convex and concave cases).

Figure 4. Cont.
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Figure 4. Fitting of transverse velocity distribution for different vegetation distribution. (a) Convex
case. (b) Concave case.

Compared with the fitting results of the concave case in Figure 4b, the results of the
convex case shown in Figure 4a are located slightly above the theoretical hyperbolic tangent
curve, while the values in the concave case are below the theoretical curve. The result of the
convex case with the range −0.4 <

(
U −U

)
/∆U < 0.4 is better fit to the theoretical curve,

especially at the 135◦ and 180◦ sections, while the fitting degree of the concave case at both
ends of the abscissa (

(
U −U

)
/∆U < −0.4 and

(
U −U

)
/∆U > 0.4) is better in the latter

part of the curve. This is mainly because the centrifugal force points to the concave bank in
the curve, and the velocity ratio λ of the convex case is larger than that in the concave case.

In addition, the thickness θ of the mixed layer with vegetation density φ = 2.235% is
basically larger than that with φ = 4.47%, which decreases first and then increases along
the curved channel, and finally reaches the minimum in the middle section of the curved
channel, as shown in Figure 5. For the Cases 2 and 4 (φ = 4.47%), the thickness θ of the
convex case increases along the section, while that of the concave case has little change
in each section. The phenomenon is mainly due to the difference in longitudinal velocity
distribution between the convex and concave cases, as previously described.

Figure 5. The variation of the momentum thickness θ along the channel curve.
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3.2. Turbulence Intensity Analysis

In the section, TKE (turbulence kinetic energy) is used to estimate the intensity of
turbulence, which is defined by:

TKE =
1
2

(
u′2 + v′2 + w′2

)
(9)

where u′, v′ and w′ are, respectively, x, y and z three-dimensional fluctuating velocity,
which is u′ = u− u, v′ = v− v and w′ = w− w, and u,v,w is the three-dimensional time
average velocity.

Figure 6 analyzes TKE for different cases and cross sections, taking ADV measurements
at h = 12 cm as an example. For Case 5 (bare bed, Figure 6e), TKE increases as the flow goes
into the curved part, and TKE at y/B = 0.5 reaches the peak at the 135 ◦ section while TKE
at y/B = 0.75 reaches the peak at the 180◦ section, indicating that the strongest turbulence
mainly occurs at the section. In addition, the TKE of the curved section is greater than
that of the straight section, which means that the curved section enhances the turbulent
intensity by promoting the mixing of water flow. This result is consistent with the results
of Termini [34] and Yang et al. [22].

Figure 6. Turbulent kinetic energy distribution at five cross sections: (a) Case 1; (b) Case 2; (c) Case 3;
(d) Case 4; (e) Case 5.

For Cases 1 to 4, the minimum TKE of each section appears in the vegetation area
(y/B < 0.4 in Cases 1 and 2 of vegetation distributed along the convex bank and y/B > 0.6
in Cases 3 and 4 of vegetation placed along the concave bank), and reaches a stable value
close to the turbulent kinetic energy of Case 5, which is approximately 0.001 m2/s2 in each
section. The TKE in the vegetation zone of both Case 2 and Case 4 were lower than that of
Case 5. The result shows that the vegetation with φ = 4.47% can inhibit turbulence in the
vegetation zone, leading to the reduction in TKE, which is different from the vegetation
with φ = 2.235%. Compared with the vegetation arranged on convex bank, the vegetation
arranged on the concave bank has a stronger inhibition effect. However, the peak values of
TKE appear near the non-vegetation area at the lateral interface between vegetation and
non-vegetation areas (0.5 < y/B < 0.7 in the convex case, 0.4 < y/B < 0.5 in the concave case).
This phenomenon is due to the existence of large velocity gradient and inflection point of
longitudinal velocity profile in this area.
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By comparing the peak TKE values for different cases, it is found that the influence
of the location along a curved channel is greater than that from vegetation density and
distribution on peak TKE values. For the convex case, the ratio of the peak TKE values
between 180◦ and 0◦ sections is 1.5~2, while the ratio becomes 3~5 for the concave case,
indicating that the vegetation occupied along the concave bank has a greater impact on the
turbulent characteristics. This is because the combined effect of vegetation and channel
curve enhances the mixing between water bodies, and the wake effect of vegetation flow is
amplified by the bend, further elevating the turbulence of water bodies. Furthermore, the
centrifugal force pointing at the concave bank intensifies the turbulence intensity on the
concave bank. Since the peak values of TKE of the convex case appear in the non-vegetation
area near the concave bank, the peak value is not only larger and deeper into the non-
vegetation area than that of the concave case, but also decays in a slower rate. Therefore,
the region of peak TKE values perform a round shape for Cases 1 and 2 and exhibits a spike
shape for Cases 3 and 4, as shown in Figure 6.

The change in vegetation density will alter vegetation resistance, subsequently af-
fecting the TKE. When the vegetation is denser, the TKE values become smaller, and the
transverse position of the TKE peak will shift to the non-vegetation area. The maximum
TKE value appears at the 135◦ section for cases with φ =4.47%, while the maximum turbu-
lent kinetic energy can be found at 45 ◦ section for cases with φ = 2.235% density, which
does not affect the variation in TKE. However, the change of the transverse position where
the peak TKE value appears indicates that the TKE is comprehensively affected by the
vegetation density, distribution and channel curve.

3.3. Power Spectral Density Analysis

The turbulence spectrum gives the occurrence possibility F (f ) (i.e., the spectral density)
of turbulent eddies with different frequency f at a fixed point. The spectral analysis is
based on the Welch method [35] with Hamming-type windowing [36] (using commercial
software Matlab, Mathworks). The high-frequency part represents small-scale turbulence
vortex and the low-frequency part denotes large-scale turbulence vortex in the turbulence
spectrum. The structure of turbulence vortex, and the transport and dissipation of TKE can
be understood through spectral analysis [37]. Figures 7 and 8 show the variation in power
spectral density (PSD) Svv of the lateral fluctuation velocities measured by 200 Hz ADV
with different frequency f. The noise in the turbulence spectrum is removed by the moving
average method.

Figure 7. PSD of different depths at the centerline of the 45◦ section for Case 2.
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Figure 8. PSD at different sections of convex and concave cases.
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To understand the effect of depth on PSD, the data of three depths (h = 2 cm, 12 cm,
and 18 cm from the bottom) at the center line of the 45◦ section for Case 2 (λ = 0.79) are
compared in Figure 7. It can be seen from the figure that the PSD in the inertial subrange
and dissipation range at different heights is similar but shows certain differences in the
energetic range (PSD in h = 12 cm > PSD in h = 2 cm > PSD in h = 18 cm). This result
indicates that the turbulence vortex structure along the vertical direction is approximately
the same with a certain difference only in the large-scale vortex. Therefore, only the PSD at
middle position (h = 12 cm) is analyzed afterwards.

Figure 8 displays the variation of PSD of lateral fluctuation velocity for Cases 2 and
Case 4, and the velocity ratio of each section λ was provided as well. For each case, the
PSD at the vegetation and non-vegetation interface area (y/B = 0.5) is the largest, which is
due to the strongest interaction between vegetation and water in this area and the greater
turbulence intensity, consistent with the TKE results in the previous section. The spectrum
in vegetation areas and non-vegetation areas has no obvious trend in the energetic range,
but the PSD in vegetation areas (y/B = 0.25 in Figure 8a and y/B = 0.75 in Figure 8b) reaches
the minimum value in the dissipation range among the three regions, suggesting that
the small-scale turbulence in vegetation area is the least, while there are more small-scale
turbulence eddies in the interface area and non-vegetation area. Additionally, the PSD peak
in the convex case is more obvious than that in concave case.

The attenuation rate of the PSD is compared with several characteristic slopes in the
classical turbulence spectral density plot, where the blue line represents f−3, the green
line denotes f−1, and the purple line means f−5/3. In the bare-bed case in Figure 8, the
attenuation rate of the PSD in the dissipation region of each section from 0◦ to 180◦ is
consistent with Kolmogorov’s law (k = −5/3), indicating that the curve does not affect the
attenuation of energy. However, the PSD at the 0◦ section is different from curve sections in
the convex case and concave case. At the 0◦ section, the attenuation rate in the vegetation
area (y/B = 0.25 in the convex case and y/B = 0.75 in the concave case) is still k = −5/3, but
in the non-vegetation area the rate is changed to k = −1, and at the interfacial area, the rate
ranges between k = −1 and k = −5/3. In curve sections, the attenuation rate is basically
close to k = −1 and considerably different from k = −5/3 proposed by Kolmogorov’s
law, which is consistent with the results obtained by Huai et al. [36]. The result may be
due to the existence of vegetation in the curved channel, which leads to the decrease in
turbulent eddies, the increase of small-scale turbulent vortex and the energy dissipates at
a greater rate than that in a straight channel because of viscous friction. In addition, the
attenuation rate of the curve sections varies in different regions, and it can be ranked as: k
(non-vegetation area) > k (vegetation area) > k (interfacial area), and at the interface area k
is more consistent with Kolmogorov’s law.

The turbulent motion is strongest at the interfacial area, and the mixing layer in
the interfacial area is affected by Kelvin–Helmholtz (KH) instability, generating a K-H
vortex. The peak frequency f KH of the dominant K-H vortex at this area obtained from
Figures 7 and 8 varies between 0.2 and 0.4 Hz. The relationship between the peak frequency
f and the momentum thickness of the mixing layer θ is described by the Strouhal number
(St) as given below.

St =
f θ

Uc
(10)

The classical St value in the standard mixing layer is 0.032 [37]. The momentum thick-
ness of the mixed layer and the frequency of K-H instability of convex and concave cases
are listed in Table 2. In the table, f represents the frequency calculated from St = 0.032 in the
turbulence spectrum, which is obtained by Equation (10) and represented by the vertical
blue dotted line in Figure 8. f KH is the peak frequency determined from experiments, i.e.,
the dominant vortex frequency of the mixing layer in the curved channel. The comparison
in Figure 8 shows that the measured peak frequency f KH is in good agreement with the
theoretical frequency f, which proves that the large-scale vortex structure existing at the
interfacial area of the curved channel is the K-H vortex. In some sections, f < f KH is due to
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the value of Uc is rather small. The K-H vortex peak frequency f KH in the experiment is
the largest at the 0◦ section and the smallest at the 180◦ section irrespective of vegetation
arrangement, and it decreases gradually as flow moves into the curved part of the channel,
indicating that the curved channel promotes the development of turbulence and increases
the K-H vortex in the mixed layer.

Table 2. The momentum thickness and K-H instability frequency for Cases 2 and 4.

Case 0◦ 45◦ 90◦ 135◦ 180◦

θ(m)
2(Convex case) 0.0218 0.0266 0.0297 0.0342 0.0356
4(Concave case) 0.0233 0.0291 0.0221 0.0242 0.0224

f 2(Convex case) 0.39 0.32 0.26 0.22 0.22
4(Concave case) 0.28 0.23 0.25 0.23 0.23

fKH(Hz) 2(Convex case) 0.42 0.40 0.35 0.29 0.27
4(Concave case) 0.44 0.39 0.30 0.25 0.22

The 90◦ and 135◦ sections in the second half of the curve were taken as an example to
show the influence of vegetation density on turbulence spectrum in the curve, as shown
in Figure 9. The measured points in the Figure 9 were located at the middle depth, 12 cm
away from the bottom bed. It can be seen from the figure that the peak frequency at the
interfacial area is 0.6~0.7 Hz for Case 1 (φ = 2.235%), while the peak frequency at the
interfacial area becomes 0.1~0.4 Hz for Case 3 (φ = 4.47%), which is obviously lower than
the peak frequency for Case 1 (sparse vegetation). It is the same conclusion as the rigid
vegetation experiment of Caroppi [17], that is, the peak frequency gradually increases with
the decrease in vegetation density. This is because the decrease of vegetation density leads
to the decrease of velocity ratio λ, which changes the turbulent structure and frequency of
vortex in the mixed layer.

Figure 9. Effect of vegetation density on turbulent spectrum: (a) φ =2.235% at the 90◦section;
(b) φ = 2.235% at the 135◦section; (c) φ = 4.47% at the 90◦section; (d) φ = 4.47% at the 135 section.

Furthermore, there is no significant difference for the PSD values of convex and
concave cases when the vegetation density φ is 4.47%, which reveals that the effect of dense
vegetation plays a more important role on turbulent structure than the curved channel does.
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However, the peak value of the concave case is not evident when the vegetation density φ
is 2.235%.

3.4. Turbulent Bursting

The quadrant analysis was used to clarify the influence of vegetation density, dis-
tribution form, and channel curve on coherence structure near the bed. In turbulence
bursting, four types of contribution to Reynolds stress are classified according to the sign
of instantaneous fluctuating velocity u′ and w′, as follows [38]:

The first quadrant (Q1): u′ > 0, w′ > 0 is the outward interaction;
The second quadrant (Q2): u′ < 0, w′ > 0 is the ejection;
The third quadrant (Q3): u′ < 0, w′ < 0 is the inward interaction;
The fourth quadrant (Q4): u′ > 0, w′ < 0 is the sweep.
Each quadrant can represent a type of turbulence event. A threshold value H0 was

set to remove the influence of small values in quadrant analysis. Only the Reynolds
stress contribution greater than this threshold in each quadrant was calculated [39]. This
threshold value is reflected in the quadrant as four hyperbolas that replace 0, that is,
|u′(t)w′(t)| ≥ H0 |u′w′|, where u′ w′ represents the Reynolds stress. The contribution of
each quadrant is represented by Sk, where k = I, II, III, IV represents four quadrants:

Sk =

{
1, |u′(t)w′(t)| ≥ H0|u′w′|
0, |u′(t)w′(t)| < H0 |u′w′|

(11)

In this section, the threshold value H0 = 1.0 [40,41] and the occurrence frequency fk of
turbulence events in the four quadrants can be expressed as:

fk =
∑T

t=0 Sk

∑T
t=0 SI + ∑T

t=0 SII + ∑T
t=0 SIII + ∑T

t=0 SIV
(12)

where T is the recording period.
Figure 10 shows the occurrence frequency of different turbulence events at different

cross section when vegetation is present on the convex bank or concave bank. Vegetation
density φ =4.47% was taken as the example so that the result was more obvious than the
case of φ =2.235%. The measuring points were all located at 2 cm from the bottom bed.

Figure 10. Frequency of occurrence of coherence turbulent events for: (a) Case 2 in vegetation areas
(y/B = 0.25); (b) Case 2 at interfacial areas (y/B = 0.5); (c) Case 2 in non-vegetation areas (y/B = 0.75);
(d) Case 4 in non-vegetation areas (y/B = 0.25); (e) Case 4 at interfacial areas (y/B = 0.5); (f) Case 4 in
vegetation areas (y/B = 0.75).
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Figure 10b,e show that the occurrence frequency of the inward interaction and outward
interaction at the interface from the 0◦ to 135◦ section is greater than the frequency of
ejection and sweep, which is the same as that of the vegetation occupied in the straight
channel [42]. The reason is that the near-bed Reynolds stresses with vegetation are generally
lower than that without vegetation, because the inward and outward interactions that
dominant turbulence activities have negative contribution on Reynolds stress. The inward
interaction and outward interaction dominate the turbulent bursting, which indicates that
the vegetation in the curved channel also changes Reynolds stress contribution. At the 180◦

section, the frequency ratio of ejection and sweep increases, possibly due to the influence of
the curve.

For Figure 10c,d (in the non-vegetation areas), the ejection and sweep events play a
dominant role in turbulent bursting, similar to the turbulent events in the non-vegetation
flow of a straight channel. In the vegetation area of the convex case, the turbulence event in
the first half of the bend is obviously dominated by inward and outward interactions, while
the contribution of ejection and sweep to Reynolds stress increases with the development
of the bend, and the final contribution from four turbulence events is similar. However, the
results of the vegetation area for the concave case are different from other areas affected by
vegetation, and the Reynolds stress contribution is not determined by inward and outward
interactions, but by ejection and sweep.

The turbulent bursting in the non-vegetation area of convex and concave cases is
consistent with the bare-bed case in Yang’s study [22]: the occurrence frequency of sweep
and ejection is higher at the 0◦ section, but the frequency of inward and outward interactions
gradually increases under the influence of the curve, and the frequency of occurrence for
the four events is similar at the 180◦ section. However, the frequency of the four turbulence
events after the 90◦ section is approximately the same in the vegetation and interfacial
area affected by vegetation (φ = 4.47%), which also happens after the 45◦ section in Yang’s
vegetation interfacial area (φ = 2.235%). This is because the Reynolds stress at the bottom
of the vegetation area is smaller, and the contribution of each type of Reynolds stress is
relatively uniform. This special phenomenon reflects that the joint impact of curved and
half-sided vegetation on turbulent bursting events is complicated.

The bursting phenomenon also can be assessed according to the skewness coeffi-
cients [43], which can provide the information of the material exchange between vegetation
area and non-vegetation area. Skewness coefficients are defined as:

Skx =
1
N

N

∑
i=1

u3/


√√√√ 1

N

N

∑
i=1

u2

3

(13)

Sky =
1
N

N

∑
i=1

v3/


√√√√ 1

N

N

∑
i=1

v2

3

(14)

where N is the sampling number, Skx and Sky are the skewness coefficients of u and v,
respectively. The four types of contribution to Reynolds stress mentioned above can be
described by skewness coefficients: outward interaction (Skx > 0, Sky > 0), ejection
(Skx < 0, Sky > 0), inward interaction (Skx < 0, Sky < 0) and sweep (Skx > 0, Sky < 0).

Figure 11 shows the lateral distribution of skewness coefficients at h = 12 cm. For the
Cases 2 and 4 (φ =4.47%), the sweep and ejection can be clearly observed: there is sweep in
the vegetation area (left region (y < 0.5) for Case 2, right region (y > 0.5) for Case 4) and
ejection in the non-vegetation area (right region (y > 0.5) in Case 2, left region (y < 0.5) in
Case 4), which elucidates the characteristics of the mixed layer and lateral exchange of
mass and momentum.
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Figure 11. Lateral distribution of skewness coefficients of the longitudinal and lateral velocity
fluctuating velocities from Case1 to Case 4.

Indeed, the lateral exchange of mass and momentum between the two areas of the
channel was observed to decrease with decreasing vegetation density. For Cases 1 and 3
(φ = 2.235%), there is still Skx < 0 in non-vegetation area, but Sky has no evident trend like
Cases 2 and 4. In general, the dominant turbulence event is apparent at the vegetation and
non-vegetation interface for denser vegetation (φ = 4.47%) but not in sparser vegetation
(φ = 2.235%).

4. Conclusions

Five experimental cases were conducted in a 180-degree U-shaped curved channel with
different partly covered emerged vegetation. The transverse distribution of longitudinal
velocity, turbulent kinetic energy, power spectral density and turbulent bursting affected by
the emerged vegetation were analyzed in the experiments. The following main conclusions
are given:

(1) For half-sided vegetation arrangement, the transverse distribution of the stream-
wise velocity along a curved channel presents a hyperbolic tangent function similar to
that in a straight channel. There is a mixed layer with large flow velocity gradient at the
interfacial area, which is not changed by the vegetation distributed along the convex or
concave bank.

(2) When the vegetation is distributed along the concave bank, the response of stream-
wise velocity to the change of vegetation density is more significant. The velocity distribu-
tion in the vegetation areas and non-vegetation areas from the 0◦ to 90◦ sections reach a
stable state near the wall, while it is not observed from the 135◦ to 180◦ sections.

(3) The combined impact of curved channel and vegetation increases the mixing be-
tween water bodies, resulting in the enhancement of turbulent kinetic energy. The influence
of curve position on turbulence kinetic energy is far greater than that of vegetation density
and vegetation distribution. The peak value of turbulent kinetic energy is comprehensively
affected by vegetation density and distribution, and the peak position of turbulent kinetic
energy at the interface is changed by different vegetation distribution.

(4) In the vegetation area, the amount of small-scale turbulence structure is minimal
in comparison with the interface and non-vegetation areas. At the same time, the vortex
dissipation rate in the bend increases and close to −1 through viscous friction, and the
attenuation rate in the non-vegetation area is the largest, but at the interfacial area the
attenuation rate is the smallest. Furthermore, the KH vortex in the mixing layer exists in the
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curved channel, consistent with that in the straight channel, and the KH vortex frequency
decreases with the development of the curve. It is obvious that the turbulence spectrum at
the interface is affected by the vegetation density, and the peak frequency of the turbulence
spectrum for denser vegetation is smaller, but there is no obvious correlation with the
vegetation distribution.

(5) The frequency of occurrence for four types of turbulence events are affected by the
curve and the partly covered vegetation. The inward and outward interactions are mainly
bursting events in the vegetation area, while ejections and sweeps are dominant in the
non-vegetation area, which are both affected by the location of the curve.

The results in this study can provide a scientific basis for flood control, water pollution
control and river restoration. For example, planting emerged vegetation on the concave
bank of a river can effectively reduce the flow rate at the concave bank and decrease bank
scouring during floods, while the velocity and its distribution at different angles of the
bend are also different. Due to the strongest turbulence events and material exchange
at the vegetation and non-vegetation interface, we can control the range of pollutant
diffusion by changing the density and location of vegetation in rivers. These flow field
modifications not only influence the turbulent flow structure, but also change transport of
sediments and nutrients in natural systems, with implications on a variety of biological
and ecological processes.

This study has some shortcomings. For example, the measurement points were not
dense enough, so the secondary circulation at different cross sections cannot be shown.
Secondly, only two specific vegetation densities are set, and it was impossible to determine
the critical vegetation density to initiate LSS along a curved channel. In addition, this
study only carried out experiments when the flow rate was 30 L/s, and did not explore
the effects of submerged vegetation, flexible vegetation and different flow conditions on
the mixed layer structure. Therefore, hydraulic conditions such as discharge and water
depth will be changed in future research, and the mixed layer will be studied in shallower
flow cases. Furthermore, the ADV is unbale to measure the velocity near the water surface,
so the other measurement techniques, such as particle image velocimetry (PIV), can be a
good alternative. Finally, the St values (= 0.032) from s straight channel were adopted and
possibly unsuitable for a curved channel. These aspects are worth comprehensive study in
the future.
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