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Abstract: Research of interactions between in-channel vegetation and flow structure is important for
the restoration of aquatic ecosystems. This study aims to investigate the impact of the vegetation
patch density on the wake structure. We used uniform fiberglass circular cylinders to simulate the
non-submerged rigid plant community. In addition, a wide range of vegetation patch densities was
considered and a 3D acoustic Doppler velocimeter (ADV) was used to measure local flow velocities.
High-density vegetation patches correlated with a high maximum turbulent kinetic energy and
a double-peak phenomenon for the lateral distribution. In conclusion, differences between Reynolds
shear stresses near the bed surface upstream and downstream of vegetation patches correlate with
the vegetation density.
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1. Introduction

Aquatic plant communities are vital parts of river ecosystems [1]. In fact, the existence of
aquatic plants is crucial for the restoration of the river ecosystem. In addition, interactions between
vegetation and rivers, wetlands, and coastal areas could play a pivotal role in the evolution of vegetated
landscapes. As the presence of aquatic plants alters the wake structure of the flow, it affects the
migration, sedimentation, and resuspension of pollutants. Moreover, research has revealed that
aquatic plants affect the hydrodynamic characteristics of water and sediment resuspension. Based on
plant immersion in the water, aquatic plants were categorized into submerged and emerged plants.
Unlike individual plants, the vegetation patch altered the sediment erosion by affecting the wake
structure and changing the sediment transport rate; then, it produced feedback regarding riverbed
evolution [1,2]. Various characteristics of the plant community, such as plant density, distribution,
rigidity, and plant species, exerted different impacts on the flow resistance, turbulence structure,
and transport and settlement of the sediment. However, several aspects of the investigation of the
vegetation patch on the flow characteristics remain in the developmental stages.

To quantify the impact of various plant community parameters on the flow acceleration and
landscape, some studies investigated the flow structure under various emerged plant communities
and modeled the vegetation with rigid circular cylinders placed in staggered form within a circular
patch, suggesting that vegetation often appears in circular patches in the initial stage of growth [3].
However, considering the species diversity, growth phase, and growth environment, most emerged
vegetation grew up with altered densities [4]. For example, a study [5] tested the vortex development
of seven solid volume fraction patches. In addition, experimental studies [6] revealed that a vegetation
patch could force water flow from the vegetated area to a vegetation-free space; this force increased
as the vegetation density increased. In later studies, laser Doppler anemometry (LDA) and particle
image velocimetry (PIV) were extensively used to assess the water turbulence structure caused by
the vegetation [7], demonstrating that the anisotropy of the turbulence and shear instability caused
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a vortex near the free surface, leading to translational diffusion of secondary flow near the free surface;
shear instability increased as the vegetation density increased. For the rigid vegetation in particular,
the flow pattern was predominantly two-dimensional, with some deflected flow in the horizontal plane
behind the patch. Therefore, the produced horizontal shear layers formed the vortex street. When the
water flowed through gaps in the patch, it affected the formation position of the Von Karman vortex
street [3,5,8–11]. Besides the classical single cylinder flow experiment, the Von Karman vortex street
did not occur directly behind the porous patch as it occurred for a solid body; instead, it appeared
at a distance downstream from the trailing edge of the patch, called the formation distance [5,8,10].
The formation distance exhibited a negative correlation with the stem density, until the bleed flow
became sufficiently strong to stabilize the shear layer, where no Von Karman vortices were produced,
but an unsteady wake flapping might have persisted [12].

To date, the direct impact of the wake structure on the evolution of riverbeds has been investigated
by many researchers, who reported that the decreased velocity and turbulence in the wake behind
a vegetation patch could help the deposition of fine sediments, organic materials, and nutrients [11,13,14].
Instead, high velocities at the vegetation edges caused erosion, which adversely affected the patch
growth [15,16]. Precisely, wake turbulence could cause individual sediment particles to leave the
original position [17]. Reportedly, the increase of turbulence intensity in the cylinder wake could
enhance the erosion and transmission intensity of the sediment [18]. The intense turbulence and
high vertical diffusion could increase the sand-carrying capacity of the water flow and enhance the
sediment transport [19], which is related to the deposition of fine materials in the wake of an existing
patch; this could provide an ideal substrate for the germination and establishment of seedlings and
promote the longitudinal growth of the patch and result in a positive feedback for the longitudinal
patch extension [9,13,20–24]. Quantifying the plant’s impact on riverbeds has always been crucial to
protecting the ecological environment and habitats of species. For instance, Crosato and Saleh [25]
established a mathematical model and revealed that, when the vegetation density reached to the highest
magnitude, the water flow easily concentrated on creating a meandering channel. Alternatively, low
vegetation densities (pioneer plants) caused a low degree of bifurcation and distinguishable channels.

Experimental studies about the impact of the vegetation wake structure on riverbeds are mostly
limited to fixed bed simulations or those for limited vegetation patch densities. In other words, in the
field of comprehensive experimental investigations of turbulent features along the flow cross-section,
a research gap exists between the variable density vegetation patch in the open channel flow and the
vegetation-free completely developed flow on the mobile bed; this is inconsistent with the original
intention of this study in biogeomorphic and ecohydraulics to investigate the wake turbulence of the
vegetation patch. To address the research gap, various vegetation group density schemes have been
designed and their impacts on riverbed variations have been explored. In addition, an experiment
was conducted on a mobile bed. The presence of the bed surface increased the roughness compared
with that of the fixed bed. Thus, it affected the flow structure, suppressed the formation of the
Von Karman vortex street, and revealed the initial tendency for erosion near the finite vegetation
patch [26]. Furthermore, a literature review indicated that such an experiment has not been performed
so far; it was intended to illustrate how densities of vegetation affect the wake structure on a mobile
bed and discuss the impact of vegetation on sediments.

2. Materials and Methods

Experiments were conducted in a straight Plexiglas flume with a 16 m long, 0.3 m wide, 0.4 m high,
and 1.62 m long test section at the State Key Laboratory of Hydraulics and Mountain River Engineering
(SKLH) of Sichuan University, China. A plate gate was arranged at the tag end of the flume, which was
used to maintain uniform water flow. Next, a funnel was equipped upstream of the plate gate and
a filter screen with a valve at the bottom was connected to collect sediments. We mounted a 3D acoustic
Doppler velocimeter (ADV) (Nortek, Bærum, Norway) measuring bracket and a probe system on the
sink rail. In addition, fiberglass circular cylinders were used to simulate the rigid and non-submerged
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vegetation unit. We arranged the vegetation of a single plant into a circular vegetation patch in the
staggered pattern, which was then arranged into the punched plexiglass base plate. Table 1 presents
all test setup parameters.

Table 1. Test conditions.

Condition a (cm−1) n (cm−2)

A1 0 0
A2 0.2 0.5
A3 0.25 0.625
A4 0.3 0.75

A5 0.4 1
A6 0.5 1.25
A7 0.6 1.5
A8 0.7 1.75
A9 0.8 2

The model patch blocked 20% of the channel width, while the patch density (a) was variable.
The diameter of each plexiglass circular patch was 6 cm, which was much smaller than the flume width.
The cylinder diameter (d) was set to 4 mm. Notably, the diameter of real emergent vegetation stems
varied from 1 mm to 10 mm [27,28]. We used the following equation to estimate the vegetation patch
density: a = nd, where n and d are the plant number in the unit vegetation area and the diameter of
the single plant, respectively. Furthermore, the flow discharge rate and the water depth were set to
Q = 18.01 L/s and H = 13 ± 0.2 cm, respectively. Then, the average cross-section velocity, U0, could be
evaluated. Figure 1 illustrates the pattern of the vegetation community and the arrangement of the
measuring points.

In the case of the mobile bed, the bed was paved with uniform sediments, where the grain diameter,
vertical depth, and length were 1.5 mm, 0.11 m, and 10.4 m, respectively, per Chien and Wan [29].
In addition, the length of the upstream gravel transition and the testing sections were set to 1.00 and
1.62 m, respectively. We measured the flume slope by the spirit level with a measurement accuracy of
1%, which was measured and calculated repeatedly. Under this experimental condition, we obtained
a clear movement of the bed load, but the results of this study are not valid for the suspended load.

We measured velocities with the ADV along the x-axis upstream and downstream of the patch.
The sampling volume of ADV was located from the bottom to the middle of the flow depth. At each
point, three velocity components (u, v, and w) were recorded with a sampling rate of 50 Hz for 30 s.
Furthermore, H and U0 denote the flow depth and the average velocity in a cross-section; D denote the
diameter of patch. In this experiment, repeated trials for each test case were conducted.

There were 7 and 25 measuring sections upstream and downstream of the model patch, respectively,
to measure the velocity and position of particles accurately; this was intended to monitor the flow
characteristics from −4 D to 23 D of the model patch. As velocity gradients near the model patch
were high, the interval between the measuring sections decreased near the vegetation community.
Each section had seven vertical measuring lines, where the lateral values of the y-coordinates from the
far left to the far right were 1.75 D, 1.17 D, 0.58 D, 0 D, −0.58 D, −1.17 D, and −1.75 D. In addition,
there were eight testing points, which were evenly distributed along the width and depth. For vertical
distances from the measuring point to the bed that were <5 mm, the measuring interval was set to
1 mm, while for distances >5 mm, measuring intervals were set to 5 mm and 10 mm, in accordance
with the particular flow depth.

The turbulent kinetic energy depicts the balance between the increased turbulence intensity
because of wake effects of canes and the decreased flow rate through the canopy [15,30]. The turbulent
kinetic energy is defined as follows:

TKE = 0.5(u′2 + v′2 + w′2), (1)
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where TKE is the turbulent kinetic energy and u’, v’, and w’ are the flow velocity fluctuations in the x, y,
and z directions, respectively.

Each velocity record was decomposed into its time-averaged (u, v) and fluctuating components
(u′(t), v′(t)). The over bar depicts the time-averaging operator. We estimated turbulence fluctuation
intensities as the root-mean-square of the fluctuating velocities [5]:

σ =

√
u′2. (2)

After measuring the velocities, we acquired the topographic data using the Nikon Total Station
Instrument (Toyoma City, Toyoma, Japan) and the data was processed using the Kriging method.
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Figure 1. The schematic pattern of the vegetation community arrangement. The patch model is
arranged in the center of the flume. (a) Vertical view (Detail drawing) (b) Front view (c) Vertical view.

3. Results and Discussion

3.1. Longitudinal Distribution of the Turbulent Kinetic Energy with Different Vegetation Density

The flow in the channel with the vegetation was a completely developed turbulent flow.
The presence of the open-channel vegetation not only affected the average velocity field but also altered
the turbulence field. We used the turbulent kinetic energy to illustrate correlations between velocities
and wakes.

The TKE takes the measuring point at the center line of the rectangle flume at a depth of 0.5 times
the water flow; U0 is the average flow velocity, which is measured at a half depth of the upstream
section (X/D = −4). Figure 2 presents the longitudinal distribution of dimensionless turbulent energy
along the path.
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Figure 2. The stream-wise distribution of the turbulent kinetic energy (TKE).

The value of the normalized TKE upstream of the vegetation group did not exhibit an apparent
decrease or increase along the X/D axis, suggesting upstream of the patch was less affected by the flow.
Conversely, the turbulent kinetic energy of the vegetation group in the downstream varied markedly
along the path. Figure 2 suggests that all TKE distributions have two peaks and one trough and finally
go stable.

Owing to the impact of different vegetation densities, the first peak simultaneously appeared at
0.8 D. We observed that the height of the peak increased as the vegetation density increased, suggesting
that the denser patch could cause a stronger disturbance. The first peak occurred behind the patch.
The position that the peak occurred correlated with turbulence production within the patch at the scale
of individual cylinders. Actually, the turbulence intensity generated by individual stem wakes was set
by the stem-scale Reynolds number, Red = up × d/ν, and a function of the flow blockage. Notably, up

and ν denote the average velocity within the patch and the kinematic viscosity coefficient, respectively.
Furthermore, as Red increases, the peak also increases [13].

However, the turbulence effect of the vegetation was short and the turbulent kinetic energy
decreased rapidly, presenting the plant patch with a relatively sparse layout to those dense patches;
for example, the density of vegetation is a = 0.8 cm−1 and the range between the first peak and trough
was longer. Here, the range is the steady wake region, which is the distance between the patch and the
formation point of the vortex street [5]. In addition, the rebounding momentum from the line bottom
correlated with the denseness and there existed a minimum turbulence level between the two peaks
which was lower than the turbulence level of the undisturbed upstream flow [13].

Nevertheless, different shear layers were established because of the interaction between two
different flow rates in the wake region of the vegetation. As the width of the shear layer continued to
increase along the longitudinal direction, it met at a certain point to form the Von Karman vortex street.
The produced turbulent vortex by the Von Karman vortex street maximized the turbulence of the water
flow. Thus, the second turbulent energy peak appeared. Then, the turbulent energy began to weaken
and finally stabilized. When the vegetation became sparse (a = 0–0.3 cm−1), the subsequent peak
appeared near 15 D. As the density changed, the position of the second peak increased gradually and
the peak increased. The analysis presented above demonstrates that the higher the vegetation density,
the earlier the appearance position of the Von Karman vortex street and the greater the turbulence



Water 2019, 11, 1266 6 of 18

peak caused by the Von Karman vortex street, suggesting that the strength of the Von Karman vortex
street was increasing.

The distance between two turbulent energy peaks (TKEmax1 and TKEmax2) was defined as LTKE.
We analyzed the correlation between LTKE and the vegetation group density, a. Figure 3 shows that
the density, a, of the vegetation group increased, but LTKE gradually decreased. When a = 0.5 cm−1,
the length of the LTKE tended to be stable. In addition, the position of the peak was basically stable at
x = 9 D, suggesting the formation of the Von Karman vortex. The position of the street initially moved
forward with the increase of the density of the vegetation group. When a reached a certain level,
the position of the Von Karman vortex street was no longer affected by a. Figures 3 and 4 show that the
position where the valley TKEmax1 appears coincides with the positional trend of the peak TKEmax2.
In particular, it gradually moved forward and finally became stable. Furthermore, Figure 4 shows that
the speed at which TKEmax2 advanced was faster than TKEmax1; thus, the slope between the valley and
the second peak TKEmax2 becomes increasingly steeper. Moreover, when the vortex street was delayed
downstream, it also degraded more slowly.
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Figure 3. The distribution of LTKE and the vegetation group density, a, on the stream-wise direction.

Discussing rigid and emergent aquatic vegetation as a porous obstruction in some way is
a comprehensible approach. Figure 2 shows that the double peak in the turbulence intensity exists in
other porous obstructions. In addition, Figure 3 shows that the density of patch and the strength of the
bleed flow correlate positively, resulting in the creation of the Von Karman vortex street far downstream
of the wake [5,31]. The obstruction with a high fence porosity ε is like a sparser vegetation patch.
Lee and Kim [32] reported that the intensity of the second turbulence peak decreased as the fence
porosity increased; likewise, Castro [12] reported a similar observation behind thin perforated plates.

Figure 4 further presents the correlation between two relative turbulent energy peaks (TKEmax1 and
TKEmax2) and the vegetation group density a. The first turbulent peak (TKEmax1) after the vegetation
group was distributed in a wave manner with the increase in the density, a, of the vegetation group.
Figure 4 suggests that the fluctuation range of TKEmax1 was short, whereas the second turbulent
peak (TKEmax2) presented a large fluctuation range. Furthermore, TKEmax1 increased as the density
a increased. The growth rate of TKEmax2 decreased first and then increased. When a = 0.8 cm−1,
the turbulent kinetic energy reached its peak value.
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Furthermore, a comparison of two trend lines revealed that the value of TKEmax1 was higher than
that of TKEmax2 in the low-density vegetation group and the turbulence intensity after the vegetation
group predominated. As the density of vegetation groups increased, the role of the Von Karman vortex
street became pivotal, which led to a rapid increase in the peak value TKEmax2. Figure 4 suggests that
when a ≈ 0.38 cm−1, two values of TKE were equal. With the denser vegetation, the turbulence effect
generated by the Von Karman vortex street took the main advantage, making the value of TKEmax2

much higher than that of TKEmax1.
As TKEmax2 and TKEmax1 had opposing tendencies with increasing density (Figure 4), the following

transition occurred. For low densities (a ≤ 0.3 cm−1), the turbulence reached the highest value
immediately downstream of the patch; however, for a denser patch, the turbulence intensity was
highest at some distance far from the patch [13,33].
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3.2. Lateral Distribution of Stream-Wise TKE with Different Vegetation Densities

We obtained the turbulent kinetic energy of the water flow at a half-water depth of X/D = ±1. As the
channel and the vegetation layout were symmetrical, only half of it is presented. Figure 5 illustrates the
lateral turbulent energy distribution.

When upstream flows were provided, the vegetation group density exhibited no impact on the
lateral distribution of the TKE of the patch front edge, so the performance along the path was a straight
line. Downstream of the vegetation group, the transverse distribution of the turbulent kinetic energy
exhibited a similar shape at different densities of the patches. The maximum value of TKE occurred
at the left and right ends of the vegetation patch (a > 0.3 cm−1). We observed a positive correlation
between the maximum turbulent kinetic energy of the patch and the density. Compared with the
brink of the patch, the turbulent kinetic energy was marginally smaller at the centerline behind the
patch. Furthermore, beyond the range from centerline to Y/D = 1.2, the value of TKE was stable. As the
measured section became farther away from the patch, the difference in TKE between low and high
density patches increased.

When the water flowed through the vegetation group, the water flow was partially separated;
as the flow velocity on both sides of the vegetation group increased, the turbulent kinetic energy also
increased and as the flow velocity at the centerline was relatively small, the turbulent kinetic energy
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decreased accordingly. Some studies focused on the transverse velocity fluctuation (σv), which is at its
maximum at the wake center. The magnitude of σv decreased monotonically toward the edge of the
wake, which is characteristic of a vortex street [5,34,35].
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3.3. Vertical Distribution of the Turbulent Intensity with Altered Plant Patch Density

Next, we considered the vertical structure of the turbulence intensity and its evolution downstream.
Thus, we analyzed the measured data in a certain area upstream and downstream of the vegetation group.
Locations at the centerline of the section (X/D = ±1, Y/D = 0) were selected to investigate the vertical
variation of the turbulence intensity near the vegetation area with different densities. Figure 6 shows
the vertical distribution of the turbulent energy at a distinct vegetation patch at X/D = ±1.

Figure 6a shows that the upstream of a vegetation group is less affected by the flora and the
turbulence intensity under different vegetation density exhibits a similar trend with the water depth;
that is, the water depth first increased but then decreased. However, in some cases, the high density
of plants affected the change of upstream turbulence. When a group of plant’s densities measured
a = 0.6, 0.7, and 0.8 cm−1, their dense structure led to backwater, which affected the turbulent energy in
the range of H/H0 = 0.2–0.3; the turbulent energy decreased. Hence, for plants with relatively high
densities, the law of change describes an initial increase, then a decrease, and then a rise as the water
depth increases.

Figure 6b suggests that, at the extremity of the vegetation group, the distribution of turbulent
energy with the water depth was relatively similar to upstream of the vegetation patch, which could
be attributed to the impact of altered density vegetation on the flow. However, the bottom turbulence
value marginally decreased compared with that for upstream of the vegetation patch with a relative
water depth of 0.04; this is attributed to the creation of small eddy current after the vegetation group
so that the flow disturbance increased, but the flow velocity decreased rapidly. Thus, the turbulence
intensity increased after the vegetation group; however, the increase in the flow rate was not notable.
Furthermore, plant density and water depth increased, the turbulent energy decreased, and the
variation range became smaller. Figure 6 presents a more stable S-shaped distribution.
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Typically, the vertical distributions of the turbulence intensity tended to be “S” type and there
were turning points at H/H0 = 0.25. In the wake region, the peak of σ/U0 occurred far from the
channel bed and irregular variation of the peak value of σ/U0 was attributed to detached eddies from
upstream cylinders [36].

In this study, the turbulent energy at the upstream of the vegetation group did not exhibit a clear
correlation with the density, but it did exhibit a positive linear correlation with the vegetation density
downstream of the vegetation.
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Figure 6. Vertical distributions of the turbulence intensity.

We added turbulence distributions for a = 0 to Figure 6a,b to further explain this phenomenon.
The density of the vegetation group exerted a significant impact on the vertical distribution of the
turbulent energy of the water flow. When the vegetation groups were sparse, the turbulent energy
fluctuated markedly, along with the water depth. The extreme situation occurred for a = 0, where the
vertical distribution curve had two inflection points and the vertical distribution of the turbulent
energy was in a zigzag shape. Of note, the number of inflection points decreased to one point and
eventually disappeared. Figure 6 shows that the vertical distribution of the turbulent energy is close to
a vertical line.

Figures 6 and 7 show that the density of the vegetation group is a vital factor affecting the vertical
distribution of turbulent energy. When the density of vegetation groups increased, interactions between
the water flow and the vegetation group increased. In addition, the energy carried by the water flow
was evident in the case of constant upstream flow. When the water flowed through the vegetation
group, the energy carried by the unit volume water flow decreased, the turbulent energy of the water
flow reduced, and the variation of the water depth reduced; this was presented in the vertical direction
of the turbulent energy distribution. Furthermore, the distribution pattern gradually developed from
a fold line into a vertical line and the breakpoint on the vertical distribution gradually disappeared as
the density of the vegetation group increased.
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Figure 7. The vertical distribution of the turbulence intensity.

With the increase of the vegetation group density, the vertical distribution of the turbulence
intensity changed more severely. The starting position of this trend gradually neared the vegetation
group. Furthermore, the median value of the vertical distribution along each section increased.

The analysis presented shows that, when river channels and the upstream flow reach a certain
value, the vegetation community exerts a remarkable impact on the vertical distribution development
of the turbulent kinetic energy of the downstream river channel. In the vertical distribution, the density
variation is the most effective parameter. We noted that when the patch was sparse, the flow through
plants and the recirculating flow affected the position and the inflection point of the vertical turbulence
appeared. On the other hand, for the dense vegetation, the gaps between plants were tight. As the
impact of the bleed flow decreased, vortex streets were formed closer to each other so that the turbulence
intensity of the vegetation patch changed greatly.

3.4. Reynolds Stress Distribution of Different Vegetation Density

Here, we discuss Reynolds stress distributions of different plant group densities. The Reynolds
stress was generated because of uneven distributions of the flow velocity in the flow field. The greater
the Reynolds stress, the more uneven the flow velocity distribution and the more turbulence intensity
was present. As the Reynolds stress directly correlates with the exerted water force on the bed, it is
a useful predictor of areas of sedimentation and erosion [15]. Figures 8a–c and 9 show the vertical
distribution of the Reynolds shear stress on the cross-section at X/D = −1 and X/D = 1 for the vegetation
patch with a density of a = 0.3 cm−1. Figure 8a shows the Reynolds shear stress, defined as Tuv = −u′v′.
Figure 8a indicates that the Reynold shear stress exhibits significant fluctuations. The sign of the shear
stress suggests the direction of the momentum flux. In a Cartesian coordinate system, negative values
depict momentum flux toward the bed [15]. We observed a maximum in the shear stress distribution
of H/H0 = 0.25. The difference in the Reynolds shear stresses increased gradually at X/D = −1 and X/D
= 1 from line Y/D = −1.17 to Y/D = 0.58. The difference reached the maximum value on the centerline,
behind the plant group. Furthermore, the difference gradually declined toward the left bank. Perhaps,
the scatter in the profile of Y/D = ±0.58 is attributable to irregular detachment of wake vortices.

Figure 8b depicts the vertical distribution of the shear stress, defined by Tuw = −u′w′. The value of
the Reynolds shear stress at the centerline and downstream at X/D = 1 is much smaller than that of the
downstream (X/D =−1). The prevalence of outward and inward events is accountable for the decreasing
magnitude of the shear stress at X/D = 1. In addition, the difference in the vertical distribution on both
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sides of the centerline becomes smaller as it gets closer to the sidewall. A comparison of Figure 8a,b
reveals that the vertical distribution of two Reynolds shear stresses fluctuates markedly for H/H0,
varying from 0.2 to 0.3, which could be the most intense place for the bleed flow and the recirculated
flow, suggesting that the bed influence on the vertical distribution of the Reynolds stress is limited.

Figure 8c illustrates the vertical distribution of the shear stress, defined by Tvw = −v′w′,
with a relative water depth of 0.3 as the boundary. In the upper part (H/H0 > 0.3), the distribution of
the shear stress at the upper and lower parts of the cross-section is comparable and the shear stress is
uniformly distributed. At the range of H/H0 = 0–0.3, starting from the line adjacent to the right bank of
the water tank, the upstream shear stress is higher than the one from the downstream. Meanwhile,
as it approaches the centerline, the downstream shear stress slowly increases because of the impact of
the plant group and attains the maximum value of Y/D = 0.
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Figure 8. Comparison of lateral stream-wise shear stress distributions on sections at X/D = ±1. (a) Tuw,
(b) Tuv, and (c) Tvw.
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Figure 9. Distributions of Tuw on sections at X/D = ±1.

Sedimentation and erosion processes are profiles of the vertical momentum flux (u0w0) [15].
Figure 9 shows the vegetation density effect on the Reynolds shear stress, where Tuw is related to the
water depth change at X/D = ±1 and Y/D = 0, demonstrating that u0w0 is positive at X/D = 1. Hence,
momentum transport is upward into the water column. Furthermore, we found extremum Reynolds
stress values behind the patch with low densities (a < 0.3 cm−1) at H/H0 = 0.25, while the highest values
of u0w0 always took place near the bed.

Combined with the lateral turbulence distribution, the high density makes the plant group flow around
and the gap flow weakens, explaining why the shear stress near the bed surface of the downstream centerline
varies with the density variation. For boundaries with H/H0 = 0.25, the difference between the upper and
lower shear stresses of above and below the boundary line is small; this difference below the boundary line
becomes larger as the water depth increases or decreases. From another perspective, the denser group offers
the vegetation group more control over the back-shear stress, also implying that the dense vegetation group
exerts more impact on the upstream flow.

Based on the analysis presented above, the dense plant structure could affect the distribution of
the turbulence and shear stress, shorten the intersection distance between two shear planes from the
vegetation, and increase the length of the freely developed turbulence zone. Meanwhile, dense plants
affect the shape of the bed surface and form a symmetrical scouring area on both sides of the centerline.
Thus, the denser a plant, the higher the stacking height and the clearer the scouring area.

4. Impact of Turbulence with Altered Vegetation Densities on the Sedimentation

Prior experiments have focused on the biogeomorphic evolution. Through numerical modeling,
Lopez and Garcia [19] highlighted that the suspended sediment transport is decreased in vegetated
streams because of the reduced bed shear stress; this is used as a proxy to compare the sedimentation
and erosion patterns of the flowfield. A straightforward correlation exists between the TKE (u′w′) and
the bed shear stress τ0, τ0 = −ρu′w′= c1ρ× (TKE), where c1 and ρ are real constants (c1 ≈ 0.2) and the
water density respectively [37]. Although it is not an accurate method to derive absolute values of τ0
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from the ADV data, a strong correlation exists between the near-bed turbulence and bed shear stress.
In addition, research has highlighted that the turbulence might dislodge individual sediment particles
and could affect the net deposition [38–42]. Hence, a study was proposed to compare spatial patterns
of the near-bed Reynolds stress and the turbulence intensity in the model [15].

Reportedly, enhanced deposition upstream was observed in a vegetated region [21,43], which could be
attributed to the deceleration of the flow, bed shear stress (Figure 10), and high levels of erosion at the leading
edge of high-density patches (Figure 11). Although we did not measure the deposition inside the dense
patch in this study, previous studies reported the elevated TKE and scouring within dense patches [44].

Meanwhile, the deposition of fine sediments was reported in the wake behind a patch [13],
which, along with the diminished deposition near the leading edge, could illustrate why patches grow
in length predominantly in the downstream direction [45].

Figures 2 and 10 suggest a near wake region downstream the patch where both velocity and TKE
are diminished so that the deposition of fine particles increases. In fact, the variation of the turbulent
kinetic energy closely correlates with the variation of the velocity. The decrease in the velocity and
turbulent kinetic energy is attributed to the sedimentation after plant. Figure 10 suggests that the
increase in density exerts a significant impact on the reduction of velocity and turbulent kinetic energy;
this change results in a shorter length of the sedimentary area but a larger maximum height of the
sedimentary area. The flow rate gradually recovers far from plants and, meanwhile, the turbulent
kinetic energy decreases and the bed surface scours.

The low density of patches occurs frequently. Strong bleed flow protects sediments from erosion,
by extending the boundary layer to prolong the outset of the vortex street and displace the high
Reynolds stresses to an area higher up in the water column; thus, they tend to get a much longer
LTKE than a high-density patch. However, increasing turbulence and associated elevated vertical
diffusivity might enhance resuspension and facilitate sediment transport. Furthermore, the deposition
is depressed beyond this region because of the enhanced TKE associated with the Von Karman vortex
street [13,19,30]; however, it can dominate the situation through the vortex street.
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Figure 10. Longitudinal distributions of the main flow velocity and turbulent kinetic energy at the
centerline of the vegetation community for different densities: (a) a = 0.3 cm−1; (b) a = 0.5 cm−1;
and (c) a = 0.8 cm−1.
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The sparse patch generates a much longer region of enhanced deposition; however, it does not
span the patch width so that the lateral deflection of the flow around a finite patch can increase the
velocity along the patch edge [8,15,46,47]. In addition, enhanced erosion occurs only in regions where
both turbulent and mean velocities increase, compared with those in the open channel. Considering
the “M” shape of the lateral distribution of the dimensionless TKE (Figure 5), it is inferred that two
regions of bed erosion and restricted lateral growth of the patch resulted in negative feedback for the
lateral patch expansion.

In fact, variations of the bed topography also affect the turbulent energy patterns. Upstream of the
dense patch, we observed high shear stress. The water flow produces shear stress on the bed surface
and the bed generates a reaction force against the water flow, called resistance. The increase of the
plant population density and resistance decreases the water flow velocity (Figure 10). In addition,
the bed surface is continuously scoured by the flow and the turbulent kinetic energy grows slowly.
In the centerline downstream of the plant population, the change in sedimentation depicts the change
in the turbulent kinetic energy. Furthermore, the sedimentation peak maximizes the turbulent kinetic
energy. Due to a lack of resistance from the plant and the bed to the current, the flow rate gradually
returns to the upstream value.

This study proposes that positive feedback is stronger for sparse emergent patches, which create
longer regions of the enhanced deposition. Patch configurations lead to a relatively quiescent region,
immediately downstream of the plant patch. This is a region where plants can grow easier. Alternatively,
the erosion resistance of the riverbank with luxuriant growth of emerged plants has been enhanced,
which ascertains the capacity of the boundary to constrain the hydrodynamic axis migration [48,49];
this is an example of ecosystem engineering, where organisms alter their physical habitat to obtain
an advantage over other organisms [50]. Investigating the impact of plant density on the wake structure
for moving beds could elucidate vegetation flow into dense, sparse, and isolated flow, based on
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threshold parameters [36]. Furthermore, mathematical modeling of turbulence hydrodynamics in
an emergent vegetated open-channel flow could be verified with the presented experimental data.

5. Conclusions

To date, various experiments have shown that the vegetation of different densities exerts a profound
impact on the distribution of the post-turbulent kinetic energy. By demonstrating its inherent
laws, it also provides a basis for investigating the fluvial process, sandbank formation, and digital
model establishment.

The longitudinal distribution of turbulent energy correlates with the density, generating two
peaks—stem-generated wake peak and maximum wake recirculation. The distance between the peaks
negatively correlates with the density, whereas the peak height positively correlates with it; this alters
the region of the enhanced deposition. In addition, this correlation could provide ecologists with
a framework to comprehend the reaction among vegetation, flow, deposition, and growth. The lateral
distribution suddenly decreases in turbulent kinetic energy at the centerline. The patch density and
the distance from the origin are positive factors that maximize later distribution.

This study establishes that for the vertical distribution of the shear stress from a certain section,
as the density decreases, the tendency to be a straight line increases. In addition, with H/H0 = 0.25 as
the boundary, as the shear stress nears the bed surface, the turbulence intensity increases. This study
shows that dense patched exert a significant impact on the rear turbulence. Meanwhile, distributions
of the Reynolds shears stress are considered for further study of various density vegetation patches.
The rear deposition is symmetrically distributed along the centerline, similar to the turbulent energy
distribution of the transverse section. Finally, this study deduces that a dense plant group could
weaken shear forces from the upstream.
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