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Abstract: Aquatic vegetation in rivers and coastal regions controls the flow structure in terms of mean
velocity and turbulence. The vegetation in the flow affects the transportation of nutrients, microbes,
dissolved oxygen, sediment, and contaminants; therefore, the flow characteristics of different types
of vegetation layers should be examined in order to understand the effects of vegetation on the flow
structure. In this paper, the effect of the submergence ratio and SVF (Solid Volume of Fraction) of a
vegetation patch, which was present across half of the channel in a spanwise direction, on the flow
structure at the wake region was examined. For this purpose, different submergence ratios with
different SVFs were considered in the experiments, and velocity measurements were performed in the
wake region of the vegetation layer with an Acoustic Doppler Velocimeter (ADV). According to the
results, the effect of different vegetation heights and SVFs on the velocity distribution was obtained.
Moreover, inflectional velocity distribution over the cross-section in the wake region of the vegetation
layer was obtained, and it was concluded that jet flow occurred in the non-vegetated half of the
channel due to the vegetation layer.
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1. Introduction

Vegetation has an important role in the sustainable development of the aquatic environment since
it significantly affects the hydrodynamic characteristics of the flow. By altering the hydrodynamic
conditions, submerged aquatic vegetation can dramatically affect the fate and transport of sediment,
nutrients, contaminants, dissolved oxygen, and fauna in aquatic systems [1,2]. Vegetation in the
aquatic environment is also very important for river management and the river environment.
Thus, the investigation of the velocity distribution, turbulence structure as well as mass and momentum
exchange between the vegetated and non-vegetated zones is a crucial issue for the river habitat.

In flows through submerged vegetation, the vertical discontinuity of the drag results in strong
velocity shear at the top of the canopy and greatly increases the turbulence intensities in this region,
relative to unobstructed flow [3–5]. Furthermore, coherent canopy-scale eddies have been observed to
dominate vertical momentum fluxes into terrestrial [6–8], and aquatic canopies [5,9].

Vegetation reduces the suspended sediment transport as a result of the local reduction in bed
shear stress [10]. Submerged vegetation generates coherent motions at the vegetation edge and such
large-scale eddies control the vertical exchange of mass and momentum both within and above the
vegetation layer [10].
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Okamoto and Nezu (2013) [10] emphasized that a key feature of vegetation flow is the generation
of a shear layer at the vegetation edge which is similar to the free shear layer. For aquatic vegetation
flow, the flow structure has a range of behaviors depending on the submergence depth ratio [10].

Ghisalberti and Nepf (2004) [11] studied the dynamic equilibrium that occurred in a submerged
vegetated shear layer and demonstrated that the turbulence kinetic energy in the shear layer
was balanced by drag dissipation. They also presented a one-dimensional approximation of a
three-dimensional flow for shear layer hydrodynamics.

Ghisalberti and Nepf (2006) [12] performed an experimental study on the structure of coherent
vortices and vertical transport in shallow vegetated shear flows using rigid and flexible vegetation
models. They implied that environmental flows over porous media, boulder beds, urban landscapes,
wind farms, agricultural, and forest canopies were examples of an obstructed shear flow like flow over
submerged vegetation. They also figured out that the vortex street in a vegetated shear layer created a
pronounced oscillation in the velocity profiles. Moreover, the oscillation in vegetation had the effect of
decreasing the amount of the turbulent vertical momentum transportation in the shear layer when
compared to the flow over rigid vegetation [12].

Nepf (1999) [2] developed a model that predicted the turbulence intensity and diffusion within
emergent vegetation. This model showed that turbulence intensity was dependent on the vegetative
drag and for lower densities, which were smaller than 0.01, the bed-drag and bed-shear production
were negligible when compared to their vegetation correspondents. They also found that the turbulence
scales were controlled by vegetation geometry, especially for vegetation densities higher than 0.01 [2].

Ben Meftah et al. (2014) [13] presented a new theoretical approach to model the flow pattern
within the shear layer in the unobstructed area close to the vegetated area. They validated their
model with experiments using rigid emergent vegetative elements for different Reynolds numbers.
They showed that the peak of the turbulence intensity and that of the spanwise Reynolds Stress were
shifted toward the center of the shear layer.

Ben Meftah and Mossa (2016) [14] focused on the effect of the contraction ratio, which is the
ratio between the width of the obstructed and unobstructed area in the flow hydrodynamic structure.
They found that the contraction ratio affected the flow hydrodynamic, and also presented an improved
modified log-law that predicted the transversal profile of the mean flow velocity at the interface of
obstructed and unobstructed areas.

Nepf and Vivoni (2000) [15] performed a study on the transition between submerged and emergent
canopy flows. They suggested that the flow within an aquatic canopy could be divided into two regions:
upper and lower. In the upper canopy, which is the “vertical exchange zone”, vertical turbulence
exchange with the overlying water is dynamically significant to the momentum balance and turbulence;
and turbulence produced by mean shear at the top of the canopy is important [15]. The lower canopy,
the “longitudinal exchange zone”, communicates with surrounding water predominantly through
longitudinal advection [15]. Nepf and Vivoni (2000) [15] indicated that in the lower layer, turbulence
was locally generated by the canopy elements, and the momentum budget was a simple balance of
vegetative drag and pressure gradient. They also emphasized that a vertical exchange zone appeared
at the top of the canopy and deepened into the canopy as the depth of submergence increased in the
submerged canopy.

Poggi et al. (2004) [16] developed a phenomenological model that described the turbulence
structure within the canopy shear layer by using Laser Doppler Anemometry (LDA) measurements.
They divided the canopy sublayer into three zones: the deep zone, where the Karman vortices drive
the flow; the second zone, which is the mixing layer; and the uppermost zone where the classical
surface-layer similarity theory was present (Figure 1).

Aquatic vegetation occurs in patches of finite length and different submergence ratios in natural
rivers. In such vegetated flows, flow is diverted away from the vegetation patch at the leading edge
of the patch [10]. In these areas, a shear layer does not form, and longitudinal advection contributes
significantly to mass and momentum transport [10].
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Figure 1. Regions of the canopy sub-layer [16].

Aside from experimental and analytical studies, there have also been numerical studies about
vegetation in open channel flows. Brito et al. (2016) [17] studied open channel flows with submerged
vegetation floodplains numerically. They modeled the vegetation layer as a porous media and
demonstrated that the anisotropic turbulence EARSM (Explicit Algebraic Reynolds Stress Model)
model was able to reproduce the secondary currents.

Kang and Choi (2006) [18] described a Reynolds stress model for the numerical simulation of
compound open-channel flows with submerged vegetation on the floodplain. They considered various
sub-models in the numerical model. Moreover, they also investigated lateral momentum transfer
in the compound-open channel and demonstrated that the rate of change of the apparent shear
stress increased with vegetation density. Additionally, with the increasing vegetation density on the
floodplain, the drag force term was pronounced when compared with the lateral gradient of the
apparent shear stress and to reduce the bottom shear stress of its 2D value in the floodplain [18].

The motivation behind this study was to examine the effect of the submergence ratio of the
vegetation patch with different vegetation SVFs on the flow structure at the wake region of the patch.
For this purpose, different submergence ratios with different SVFs were considered. This study
especially focused on the wake region of the vegetation layer at the partly vegetated channel.
The velocity measurements in the flow area were conducted with Acoustic Doppler Velocimeter (ADV).

2. Experimental Method

Experiments were conducted in an 11 m long, 1.2 m wide, and 0.75 cm deep flume with glass
walls in the Civil Engineering Laboratory at Adnan Menderes University (Figures 2 and 3). The flume
had an interior re-circulating system providing a steady flow. Figure 2a shows the schematic of the
experimental set-up. Flow depths were measured by means of a pointer gauge and the velocity
measurements were performed by SONTEK Acoustic Doppler Velocimeter (ADV). Bricks were
installed along the cross section of the flume at the entrance and outlet of the flume to provide
smooth inlet and outlet conditions.

The entire base of the flume was covered with a plywood sheet and a finite-length submerged
vegetation patch was composed with d = 0.01 m diameter rigid circular plastic rods in a plywood sheet.
The rods had two different heights: hv1 = 0.05 m, and hv2 = 0.10 m. The cylinders in the vegetation
patch were placed in a staggered, equilateral array. For this geometry, the solid volume fraction was
related to the spacing (s) and diameter (d) by White and Nepf, 2007 [19]:

∅ =
(√

3π/6
)(

d2/s2
)

(1)

In these experiments, the vegetation layer was characterized by the solid volume fraction-SVF (φ1)
and the height of the vegetation layer (hv). The variable φ was defined as the ratio of volume occupied
by the cylinders to the total volume of vegetation layer. Experiments were performed for two different
SVFs, φ1 = 0.01 and φ2 = 0.08, and two different vegetation heights, hv1 = 0.05 m and hv2 = 0.10 m.
Here, φ1 = 0.01 and φ1 = 0.08 corresponded to N1 = 172 IP/m2, and N2 = 1142 IP/m2 respectively,
where IP/m2 means the individual plant number per square meter. Moreover, the blockage caused by
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the vegetation layer was characterized by its frontal area per volume (V0), called the vegetation layer
density, a (m−1) [20]. Vegetation density was calculated with the given equation;

a = A/V0 = nhvd/hvS (2)

where A is the frontal area of a vegetation element; hv is the vegetation height; n is the number of the
vegetation elements occupied in the referred bed area S; and H is water depth.

Figure 2. Schematic views of the channel: (a) Plan view of the flume; (b) A-A cross-section of the flume.

Figure 3. Photos from experimental set-up: (a) Vegetation layer in the flume; (b) vegetation layer with
φ1 = 0.01; (c) vegetation layer with φ2 = 0.08.

For all cases, the water depth, H = 0.30 m, and bulk mean velocity were kept constant.
The Reynolds Number (Re = udmH/ = 41, 000) and Froude Number

(
Fr = udm/

√
gH = 0.08

)
were

calculated using the mean depth averaged velocity (udm) for the non-vegetated case. Here, H is flow
depth; ν is the kinematic viscosity; and g is the gravitational acceleration. Mean depth averaged
velocity (udm) for the non-vegetated case was used for the non-dimensionalization of the figures in
Section 3. Table 1 shows the hydraulic conditions.

Table 1. Hydraulic conditions.

Cases N (IP/m2) φ λ (ah) hv (cm) H/hv udm (cm/s)

h5f1 172 0.01 0.08 5 6 13.6
h5f8 1142 0.08 0.57 5 6 13.6

h10f1 172 0.01 0.17 10 3 13.6
h10f8 1142 0.08 1.14 10 3 13.6
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The three instantaneous components of velocity (u, v, w), corresponding to the streamwise,
spanwise and vertical velocity components in X, Y and Z directions, respectively, were measured with
ADV during 120 s with 3000 sampling number at 25 Hz. Each velocity record was decomposed into
time averages (u, v, w) and fluctuating components (u’, v’, w’). The ADV probe was established
over the vegetation layer during the experiments. The velocity measurements were performed at
117 (=9 × 13) points in the XY plane (Figure 4a) and six different levels in the Z direction (Figure 4b).
Measurement points along the X and Y directions were placed at 10 cm intervals and 2.5 cm in the
Z direction. Only, point Z1 (=0.05 cm) was placed at the closest point to the wall where the velocity
measurement could be performed (Figure 4b).

ADV measurements sometimes may include scattering data because of using clean water without
suspended material and correlation scores. If the correlation factor of measured velocities are
very low then velocity measurements can not be reliable. The manufacturer recommends that a
15 db signal-to-noise ratio (SNR) and a correlation coefficients larger than 70% for high-resolution
measurements. Therefore, the poor quality samples in the measured data were removed using
SNR < 15 db and correlation coefficient < 70% conditions.

Figure 4. Velocity measurements grid: (a) Plan-view; (b) Side-view.

3. Results and Discussion

Figure 5 presents the non-dimensional velocity distributions for the non-vegetated case along the
vertical direction at different sections of the channel and logarithmic velocity distribution. It could be
seen that the streamwise velocity distribution represented the best fitted logarithmic regression line for
the non-vegetated case. The logarithmic line was obtained by using the law [21] for rough boundaries,
which is

u
u∗

=
1
κ

ln
(

30z
ks

)
(3)

where u is streamwise point velocity; u∗ is local shear velocity; κ is von Karman’s constant; z is distance
from the measurement point to the bed; and ks is the Nikuradse equivalent bed roughness. Velocity
profiles, which were plotted on semi-logarithmic paper, fitted the logarithmic law display as a constant
gradient [22,23].

Figure 6 presents an example of a measured velocity for non-vegetated case (Figure 6a) and
spectral distribution (Figure 6b) for hv2 = 0.10 m at X13Y3Z2. This point corresponds to the wake
region of the vegetated layer. Velocity range was chosen as ±0.3 m/s with a velocity accuracy of
±1 in the measurements. A signal-to-noise ratio (SNR) higher than 15 dB is recommended for 25 Hz
and higher sample rates, and the typical threshold for data acceptance is a correlation coefficient
higher than 70% for high-resolution measurements [24]. Therefore, the measured data were filtered
with Phase-space threshold despiking [25,26] which is the default filter in winADV and poor quality
samples were removed using SNR < 15 dB and correlation coefficient < 70%.
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Figure 5. Velocity profiles in semi-logarithmic form for non-vegetated case at different sections of
the channel.

In order to explore the distribution of energy in the signal across frequencies, examples of the
power spectral densities (PSD) of velocity fluctuations in three directions were plotted in Figure 6b.
The spectrum frequency between 0.2 and 0.6 Hz which indicates the scaling subrange is referred to
as the production subrange. This range is characterized by a −3/2 spectral slope [27]. An inertial
subrange with a −5/3 power law between 0.9 and 5 Hz which is in a narrow range was observed.
There is transitional subrange between 0.6 and 0.9 Hz which corresponds to transition between the
production subrange and the inertial subrange. In the transition subrange, a transformation of the
turbulent energy of large scale motion to energy of small scale motion takes place [27]. The PSD
has small values at a frequency highger than 5 Hz, which corresponds to the universal equilibrium
range. These results are in agreement with results obtained by Meftah and Mossa [27] and Nezu and
Onitsuka [28].

Figure 6. Cont.
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Figure 6. (a) Measured velocity signal at X13Y3Z2 for non-vegetated case; (b) Spectral distribution at
X13Y3Z2 for hv2 = 0.10 m.

Figure 7 shows the non-dimensional streamwise velocity distributions along the vertical direction
at different spanwise (Y3, Y9, and Y15) and streamwise (X1, X5, X9, X13, X17, and X25) sections for
hv1 = 0.05 m and hv2 = 0.10 m with φ = 0.08, respectively. Here, Y3, X1, and X5 corresponded to
the vegetated area whereas Y9 and X9 corresponded to the edge of the vegetation layer (Figure 4a).
Additionally, Y15 was placed in the non-vegetated half of the channel whereas X13, X17, and X25
were placed at the wake region of the vegetated layer (Figure 4a). It was obvious that the vegetation
layer decreased velocity both inside the vegetation layer and also in the wake region (Figure 7a).
Furthermore, the velocity decreased inside and in the wake region of the vegetation layer while it had
the same value as the non-vegetated case downstream of the vegetated area (Figure 7b). Moreover,
the velocity increased to remain off the vegetation layer (Figure 7c). This increase occurred at about
20% for hv2 and 10% for hv1. Furthermore, the velocity difference increased between the vegetated
and non-vegetated cases, which was higher for higher vegetation height even when both cases had
the same SVF. The main conclusion from these figures was that the velocity decrease occurred in the
wake of the vegetation patch whereas velocity increase, which refers to jet flow, occurred along the
unobstructed part of the channel.

Figure 7. Cont.
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Figure 7. Non-dimensional streamwise velocity distributions along vertical direction at different
streamwise sections for both vegetation heights and φ = 0.08: (a) Y3; (b) Y9; (c) Y15.

Yang et al. (2007) [29] studied the flow patterns in a compound channel with vegetated
floodplains and used different types of artificial submerged vegetative elements in the experiments
distribution on the floodplain. They also found similar velocity distributions for the vegetated flood
plain where velocity decreased, and the non-vegetated main channel where velocity increased for
compound open-channels.

Figure 8 presents the non-dimensional streamwise velocity distributions at the Y3 line along
the streamwise direction for hv1 = 0.05 m and hv2 = 0.10 m with different SVFs. Here, Z2 and Z6
corresponded to the point at the half of the vegetative height, and Z4 and Z6 corresponded to the point
over the vegetation layer. It could be seen that low SVF had little effect on the velocity distribution
over the vegetation while higher SVF had a large effect, which was an important decrease in velocity
distribution inside the vegetation layer for hv1 = 0.05 m. However, with the higher vegetation height
(hv2 = 0.10 m), the vegetation layer affected the velocity distribution both within and over the vegetation
layer. Within the vegetation layer, both SVF values caused a velocity decrease whereas the effect was
larger for higher SVF. However, velocity values overlapped to remain off the vegetation layer, especially
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in the wake region for hv = 0.05 m vegetation height. However, this was not observed for higher
vegetation height (hv2 = 0.10 m). Velocity decrease occurred in about 50% of the wake region for higher
SVF for both vegetation height cases.

Figure 8. Non-dimensional streamwise velocity distributions at Y3 line along the streamwise direction
for different SVFs, (a) hv1 = 0.05 m; (b) hv2 = 0.10 m.

Figures 9 and 10 show the non-dimensional streamwise velocity distributions along the spanwise
direction at different sections of the wake region for z/hv = 0.5 and z/hv = 1.5, respectively. The figures
are for lower vegetation height (hv1 = 0.05 m) and different SVFs. It was found that higher SVF
decreased the flow velocity more than the lower SVF for outer layer of the vegetation zone (Figure 10).
Apart from this, velocity decrease was similar for both SVFs close to the bed (Figure 9). It was also
observed that close to the bed (z/hv = 0.5), the velocity decrease continued further out of the vegetated
area (y/B ∼= 0.7). However, the velocity decrease disappeared at the vegetation edge and velocity
started to increase over the vegetation layer along the spanwise direction. The effect of SVF over
the vegetation layer can be seen remarkably in Figures 9 and 10. The velocity decrease was still
present over the vegetation layer, and the effect of vegetation was still present in the other half of
the channel. Moreover, the velocity difference was about 0.5–0.6 um for both Z2 and Z4 between the
vegetated and non-vegetated zones of the flow over the cross-section. However, the main difference
was that the velocity was higher than the non-vegetated case at about 1.2 um for Z2 where it was about
1.1 um for Z4 at the non-vegetated zone. This gives an idea about the occurrence of jet flow at the
non-vegetated zone of the flow. Additionally, a higher SVF caused a higher drag force, which can
be clearly seen in Figure 10 where the higher SVF had smaller velocity values at both zones of the
flow. Another important feature obtained from Figure 10 was the inflectional velocity profile over
the cross-sections, and the velocity profile had a steep shape for higher SVF over the vegetation layer.
This type of velocity distribution also implied that jet flow occurred in the non-vegetated half of the
channel. This jet flow was present in all parts of the non-vegetated zone, even starting inside the
vegetation layer, which was close to the vegetation edge at z/hv = 1.5 where it started at (y/B ∼= 0.7)
close to the bed (z/hv = 0.5). Nezu and Onitsuka (2001) [28] performed measurements on partly
vegetated open-channel flows and also found similar results over the cross-section. The difference of
this study is that the results were given for the wake region. Ikeda et al. [30,31] demonstrated that this
type velocity profile showed a generation of coherent horizontal vortex due to an inflectional instability.
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Figure 9. Non-dimensional streamwise velocity distributions along the spanwise direction at
z/hv = 0.5 for hv = 0.05 m and different SVFs; (a) X17; (b) X25.

Figure 10. Non-dimensional streamwise velocity distributions along the spanwise direction at
z/hv = 1.5 for hv = 0.05 m and different SVFs; (a) X17; (b) X25.

Figures 11 and 12 show the non-dimensional streamwise velocity distributions along the spanwise
direction at different streamwise sections for z/hv = 0.5 and z/hv = 1.25, respectively. The figures
are for higher vegetation height (hv = 0.10 m) and different SVFs. Figure 11 presents the velocity
distribution close to the bed, which was within the vegetation layer, and the velocity distribution here
showed similar behavior to the velocity distribution over the vegetation layer for lower vegetation
height. Still, there was a steeper inflectional velocity distribution for higher SVF. However, here
there was an important difference from lower vegetation height. The difference was that in the
non-vegetated zone of the channel, the velocity values were higher for higher SVF than the lower
SVF. Moreover, the velocity difference was about 0.7–0.8 um for lower SVF where it was 1.0–1.1 um for
higher SVF at both Z3 and a Z6 between the vegetated and non-vegetated zones of the flow over the
cross-section. Another important result was that the velocity increase ratio was almost the same for
both SVF at the non-vegetated zone where the velocity decrease ratio was higher for higher SVF in the
vegetated zone, which was about 0.2 um. The other difference was that the velocity increase started at
the junction between the vegetated and non-vegetated zones for higher SVF and at the non-vegetated
zone, which was about y/B~0.7 for lower SVF.
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Figure 11. Non-dimensional streamwise velocity distributions along the spanwise direction at
z/hv = 0.5 for hv = 0.1 m and different SVFs; (a) X17; (b) X25.

Figure 12. Non-dimensional streamwise velocity distributions along the spanwise direction at
z/hv = 1.25 for hv = 0.1 m and different SVFs; (a) X17; (b) X25.

Meftah et al. [32] studied on flow patterns in partly obstructed channel. They used a rigid
emergent vegetation layer to illustrate the obstruction in the channel. Density of the vegetated area
was given as n = 400 cylinders/m2 in their studies. They performed mid-depth velocity measurements
using ADV in the experiments. They stated that the flow properties depend on contraction ratio (Cr)
which is the ratio of the width of the obstructed area to the width of the unobstructed area. The results
they obtained in the unobstructed area near the obstructed area and our results in the wake region of
vegetation layer (data in Figure 11 where data correspond to the mid-depth of the vegetation layer)
were plotted in Figure 13. Here, R1, R2, R3 and R4 correspond to Cr = 3.21, Cr = 1.05, Cr = 0.36 and
Cr = 0.16, respectively. The contraction ratio was Cr = 0.94 in our study. In Figure 13, y’ starts at the
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edge of the vegetation layer and Bnv is the width of the non-vegetated part. Velocity values near the
edge are higher than Meftah et al. [32]’s velocity values. This is because our data were obtained in
the wake region of the vegetation layer. Another important point was that an increasing velocity
trendline occurred between y’/Bnv = 0 and y’/Bnv = 0.5 and the horizontal velocity trendline started at
y’/Bnv = 0.5 for both of the studies. The horizontal velocity trendline of this study corresponds to R3
which has Cr = 0.36 contraction ratio.

Figure 13. Transversal profiles of non-dimensional velocity distributions versus y/Bnv.

Figures 14 and 15 show the non-dimensional vertical velocity distributions at the top edge of
the vegetation layer along the streamwise direction for hv1 = 0.05 m and hv2 = 0.1 m, respectively.
Here, Y5, Y9, and Y13 corresponded to inside the vegetation layer, edge of the vegetation layer,
and non-vegetated half part of the channel in spanwise direction, respectively. Vertical velocity had
positive values in the non-vegetated half of the channel for all cases and had higher values for higher
SVF (φ = 0.08) than lower SVF (φ = 0.01). Apart from this, the vertical velocity distribution showed
different behavior for different SVFs at the vegetation layer. It had negative values along the streamwise
direction for lower SVF (φ = 0.01). Additionally, vertical velocity was positive in the vegetated layer
and negative in the wake region of the vegetated layer and different from zero for higher SVFs in the
vegetation layer.

Figure 14. Non-dimensional vertical velocity distributions along the streamwise direction at z/hv = 1 for
hv = 0.05 m; (a) φ = 0.01; (b) φ = 0.08.
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Figure 15. Non-dimensional vertical velocity distributions along the streamwise direction at z/hv = 1 for
hv = 0.1 m; (a) φ = 0.01; (b) φ = 0.08.

In Figure 16, the non-dimensional Reynolds Stresses (u′w′) at the top edge of the vegetation
layer along the Y5 section are shown for all cases. It was evident that higher vegetation SVF caused
higher Reynolds Stress, which was significant for higher vegetation height. The Reynolds Stress (u′w′)
showed a decreasing trend along the wake region for all cases. This result was consistent with the fact
that canopies with λ = ah ≥ 0.1 provided sufficient resistance to generate the vegetation shear layer
downstream of the patch (see [33]).

Figure 16. Non-dimensional Reynolds stresses along Y5 section for all cases; (a) hv = 0.05 m;
(b) hv = 0.1 m.

White and Nepf (2007) [19] found that the peak of the turbulence intensity in the vegetation layer
occurred in the vicinity of the junction between the vegetated and unvegetated parts of the channel at
the partially obstructed channels. Here, the effects of vegetation height on the Reynolds stresses (u′w′)
inside the vegetation and at the wake region were also investigated. For this purpose, the Reynolds
stresses at the top edge of the vegetation at two different spanwise directions for denser cases were
plotted (Figure 17). In Figure 17, X5 and X19 correspond to inside of the vegetation layer and the wake
region of it, respectively. It was observed that in both sections, a higher vegetation layer caused higher
shear stress at the top of the vegetation layer. The other important result was that vegetation affected
the non-vegetated half of the channel until some point at X5 (Figure 17a). However, the vegetation did
not affect the non-vegetated half of the channel in the wake region (Figure 17b).
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Figure 17. Non-dimensional Reynolds stresses distribution at the top edge of the vegetation layer
along the spanwise direction; (a) X5; (b) X19.

4. Conclusions

In this study, the effect of a finite-length vegetation patch placed across half of the channel on the
flow structure was examined. The study mainly focused on the wake region of the vegetative patch.
For this purpose, an experimental study with different submergence ratios and SVFs was carried out.

It was observed that the vegetation layer decreased velocity both inside the vegetation layer
and also in the wake region. Additionally, the velocity difference increased between the vegetated
and non-vegetated cases, which was higher for higher vegetation height even when both cases
had the same SVF. Different vegetation heights affected the velocity distribution in a different way,
for example, low SVF had little effect on the velocity distribution over the vegetation layer while
higher SVF had a large effect, which was an important decrease in the velocity distribution along the
cross-section of the channel for hv1 = 0.05 m vegetation height. However, with the higher vegetation
height (hv2 = 0.10 m), the vegetation layer affected the velocity distribution both within and over the
vegetation layer. The velocity distribution over the cross-sections had inflectional velocity distribution
for both vegetation heights. This type of velocity distribution implied that jet flow occurred in the
non-vegetated half of the channel.

In addition, the vertical velocity distribution was also examined, and it was found that different
behaviors for different SVFs were present at the vegetation layer. Moreover, vertical velocity was
positive in the vegetated layer and negative in the wake region of vegetated layer.

Furthermore, the Reynolds Stress (u′w′) distribution was also investigated. It was demonstrated
that higher SVF caused higher Reynolds stresses, which was significant for higher vegetation height at
the edge of the vegetation layer. The Reynolds Stresses (u′w′) also displayed a decreasing trend along
the wake region for all cases.
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