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1. Introduction  
Accurate estimation of flow cross-section in open 
channel flows is very important for good hydraulic design 
and flood planning. The main factors determining the 
flow rate in natural or artificial channels are hydraulic 
gradient, channel geometry, and flow bed conditions. 
Dynamic conditions of flow are affected not only by non-
living elements such as flow and sediment but also 
sometimes by living elements such as plants. For this 
reason, vegetation growing spontaneously in streams 
and river channels is a remarkable and frequently 
encountered situation. Because the presence of 
vegetation is effective both in determining the flow 
capacity of the channel and on the bottom surface 
roughness. Here, factors such as plant type, plant 
diameter, height, shape, flexibility, spatial distribution, 
and density are the parameters that can affect the flow 
resistance. Therefore, the vegetation formed causes 
changes in the hydrodynamic conditions of the flow and 
thus, sediment transport, nutrient supply, pollutants, 

dissolved oxygen, and aquatic life are also affected [1,2]. 
Therefore, vegetation in water helps regulate water 
levels, improve water quality, reduce flood and 
inundation damage, provide important fish and wildlife 
habitats, and support recreational activities. This 
resistance mechanism, which is especially important in 
terms of flood safety, needs to be carefully examined. 
Because in flood control projects, the effects of any 
obstacles that disturb the flow on the flow rate and flow 
structure should be well analyzed [3]. The effect of 
vegetation on flow dynamics has inspired many literature 
studies. Bai et al. [4] developed a numerical model using 
the lattice Boltzmann method to examine the 
hydrodynamic and pollutant transport characteristics in 
compound cross-section channels. They revealed the 
significant effect of flexible vegetation on flow patterns. 
In addition, researchers have emphasized the 
importance of calculating the hydraulic and 
hydrodynamic properties of vegetated channel flow in 
the analysis of floods, which are one of the most 
important natural disasters caused by climate change, 
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especially when the vegetation in the floodplains, even 
trees, become part of the flow section due to the overflow 
of the river bed into the floodplain [5-7]. 

Considering the importance of the subject, in the last few 
decades, due to the development of software 
technologies, studies focused on this subject in the 
numerical environment have emerged. In particular, 
significant research has been conducted to understand 
the chaotic hydrodynamic processes in open channel 
flow surrounded by vegetation. The effect of different 
vegetation on the hydrodynamic properties of open 
channel flow at different levels has been investigated 
numerically or analytically in many studies [8-12]. Wang 
et al. [13] focused on the interaction between vegetation, 
water velocity and sediment transport. They stated that 
the density and configuration of vegetation have an 
effect on water velocity at various levels and that the 
resistance to flow increases as the vegetation density 
increases. Sabokrouhiyeh et al. [14] used a 2-
dimensional numerical model to evaluate the effect of 
vegetation density on the hydraulic efficiency of 
wetlands. Yılmazer et al. [15] used the experimental data 
from the previous study of Yılmazer et al. [16]. For this 
purpose, they remodeled the same experimental system 
with FLOW-3D to investigate the effects of fully 
submerged plants in the open channel on channel flow 
velocities. They compared the experimental results with 
this model. Cui and Neary [17] used large eddy 
simulation (LES) to study turbulent flows with fully 
submerged vegetation, investigating how organized 
patterns facilitate momentum movement at the interface 
between water and vegetation. 

Using only the experimental approach, it is difficult to 
obtain comprehensive details of the flow structure 
through the vegetation arrangements. Experimental 
approaches often face difficulties in capturing the 
complex interactions between flow and vegetation due to 
the scale, apparatus, and difficulty in accurately 

measuring the flow dynamics in the vegetated areas [18]. 
These limitations may lead to an incomplete 
understanding of the flow structure and its variability 
under different vegetation arrangements. For this, 
numerical simulation is the best way to capture the 
complex flow around these vegetation arrangements. 
The main objective of the present research is not only to 
investigate the vegetation patch configurations but also 
to discuss the flow diversion around these vegetation 
patches in the natural river. Therefore, numerical 
simulations were conducted to explore the flow patterns 
around vegetation patches consisting of large-diameter 
rigid vegetation pieces with diamond-shaped 
arrangements. A CFD approach was applied to visualize 
the detailed flow structures, velocity distribution, depth-
averaged velocity distribution, and turbulent kinetic 
energy around the vegetation patches in single-row and 
double-row arrangements. 

2. Materials and Methods 
2.1. Numerical frame setup 
It is very important in CFD studies to choose the channel 
geometry at a level that will provide an economical 
calculation time. Within the scope of this study, an 
attempt was made to draw a suitable channel geometry 
that will obtain three-dimensional solutions. For this 
purpose, a rectangular channel of 2.75 m length, 0.4 m 
width, and 0.3 m height was drawn. Inside the open 
channel, rigid vegetations with a square geometry of 3x3 
cm on each side were used and arranged in a diamond 
shape on the channel center axis, 1 m from the upstream 
to the downstream side. Previously, Chen et al. [28] 
conducted analyses using a flexible vegetation structure 
of equal diameter. A detailed drawing is given in Figure 
1. The channel dimensions given in the plan view and 
the dimensions of the vegetation patch were drawn in 
cm.

 

 
Figure 1. Details of the open channel and vegetation patch. 

In Fig. 1, the alignment of two vegetation patches and 
the measurement points are also given as P1 and P2. 
For vertical direction measurements of the flow structure, 
P points were selected 0.5D downstream from the patch. 
The measurement location was selected according to 
their importance as reported in previous studies [18,19]. 
In addition, vertical section A-A and cross sections B-B 
and C-C were selected to record the detailed velocity 
and turbulent flow structure along the channel. Here, 
only vertical measurements at point P1 were performed 
for a single-row vegetation patch, and measurements 

considering the velocity and turbulent flow structure were 
performed at sections A-A and B-B. In addition, other 
parameters of the flow hydraulics are given in Table 1. 
Here, Case-1 represents a single-row vegetation patch, 
while Case-2 represents the channel case with double-
row vegetation patches. 
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Table 1. Parameters considered for numerical solutions Case-
1 and Case-2. 

Case no 

Flow 

rate 

(l.s-1) 

Flow 

depth 

(cm) 

Inlet 

velocity 

(m.s-1) 

Fr Re 

Case-1 17.85 12.33 0.362 0.33 44635 

Case-2 17.85 12.33 0.362 0.33 44635 

In numerical solutions, equal input conditions were 
considered for both Case-1 and Case-2. Here, as seen 
in Table 1, solutions were carried out under subcritical 
flow conditions.  

2.2. Boundary condition and mesh 
detail 
In this part of the study, the 3D channel area was drawn 
via the Solidworks program, saved as a (step) extension, 
and transferred to the Ansys-Fluent software. The 
channel bottom, side surfaces, and vegetation patches 
were defined “wall” based on the no-slip wall condition. 
This condition is widely used in fluid dynamics studies. 
In particular, it shows that viscous fluids exhibit zero 
velocity near a solid wall, as shown by Dissanayaka and 
Tanaka [20] and Asif et al. [5]. Additionally, in this study, 
the inlet is defined as "velocity inlet", the outlet boundary 
and the channel ceiling, namely the atmosphere, are 
defined as "pressure outlet". Here, while the equal inlet 
velocity is taken as 0.362 m.s-1 for both cases, the flow 
rate value is considered as 17.85 l.s-1. Numerical 
calculations were performed in the Fluent environment 
using the Reynolds Stress Model (RSM) within the 
framework of the Reynolds Averaged Navier-Stokes 
(RANS) method. Eddy-viscosity-based models, 
including the k-ε and k-ω models, present significant 
limitations when applied to complex, real-world turbulent 
flows frequently encountered in engineering contexts. In 
situations characterized by high anisotropy, pronounced 
streamline curvature, flow separation, recirculation 
zones, or flows influenced by mean rotational effects, 
these models often yield inadequate performance [27]. 
That's why the primary evidence of RSM's superiority is 
its ability to capture turbulence anisotropy, especially in 
regions close to rigid boundaries (walls/floors). Models 
such as k-ε, which are based on the concept of eddy 
viscosity, assume that Reynolds stress aligns with the 
velocity gradient, leading them to consider turbulence 
isotropic (the same in all directions). However, in real 
flows, turbulence is not isotropic, particularly near 
boundaries; turbulence fluctuations perpendicular to the 
boundary are suppressed, while those parallel to the 
boundary may increase. RSM was selected for this study 
due to its ability to accurately capture the complex and 
anisotropic nature of turbulence around vegetation 
patches. Unlike simpler models such as Standard k-ε or 
k-ω that assume isotropic turbulence, RSM provides a 
more reliable estimate of the turbulent intensity (TI) and 
momentum change by resolving the Reynolds stresses. 
A previous research study by Ashraf et al. [21] also 
demonstrated the effectiveness of RSM. The Pressure-
Velocity Coupling PISO algorithm was preferred as the 

solution method, and spatial discretization was 
performed using a second-order upwind scheme. Time 
integration was handled with a fully implicit scheme, and 
convergence was considered to be achieved when the 
normalized residual value reached 1 × 10−6. A detailed 
description of the algorithm and turbulence model can be 
found in the user manual [22]. Additionally, when 
analyzing the shape and formation of the interface 
between two or more immiscible fluids, the volume of 
fluid (VOF) model, which can be applied to a fixed 
Eulerian solution framework, is commonly employed 
[25]. In this research, the VOF method was used to 
compute the water-air interface. The VOF method 
identifies whether cells are empty, partially filled, or filled 
with water. A fluid volume (F) represents the filling ratio. 
For F=1, the element is filled; for F=0, it is filled with air; 
and for 0<F<1, the network element is partially filled. The 
"Geo-Reconstruct" approach was applied in calculating 
the free water surface using the VOF [22]. According to 
this approach, the position of the air-water linear 
interface is initially determined relative to the center of 
gravity, based on data regarding the ratio and its 
derivatives for each partially filled cell. Subsequently, the 
fluid amounts transported across each surface are 
computed using the determined linear interface position 
along with tangential velocity information calculated at 
the element surfaces. Finally, considering the fluid 
amounts computed previously, the filling ratio of each 
cell is determined by applying the continuity equation. 
Figure 2 is an example of the fullness ratio of the water-
air interface in a region.  

 

Figure 2. Fill rate of mesh elements with VOF model [26]. 

In the present study, in order to ensure mesh 
independence, three different mesh sizes were used to 
ensure the precision and reliability of the simulations. For 
this purpose, analyses were performed as coarse mesh 
(0.4 million), medium mesh (0.85 million), and fine mesh 
(1.9 million). Verification of mesh independence was 
obtained by comparing the simulated and experimental 
data of Anjum et al. [24]. The observed differences were 
approximately 9% for coarse and medium mesh cases 
and approximately 2% for medium and fine mesh cases. 
As a result, a 0.85 million mesh structure was considered 
for the present study. In addition, the “Average 
Skewness and Average Orthogonal Quality” values, 
which are important parameters for mesh precision, were 
examined. While the Average Skewness value was 
0.22~0.23 for Case-1 and Case-2, respectively, the 
Average Orthogonal Quality values were obtained as 
0.76~0.77. Figure 3 depicts the layout of the 3D area. 
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Figure 3. Boundary conditions and mesh structure. 

2.3. Numerical model validation 
The numerical model validation is given in Figure 4a. For 
this validation, the RSM model was tried to be validated 
using the experimental data of Anjum et al. [23]. The 
velocity values for the experiments and simulation were 
measured vertically at point P on the downstream side of 
the vegetation patch, as shown in Figure 4b. In addition, 
the vertical depth of the flow (h) is shown on the y-axis, 
while the velocity magnitudes in the flow direction (u) are 
shown on the x-axis. The results of the RSM model for 
the flow direction velocity are in a consistent trend with 
the experimental results in all numerical experiments. 
However, there is a slight difference between the 
experimental and numerical results near the top and 
bottom of the vegetation. This situation is also stated by 
Anjum et al. [24], which is attributed to the intense 
turbulence at the water-vegetation patch interface and 
the inevitable measurement error of the sensor of the 
velocity measuring device. 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 4. a) Validation of numerical model data with that of 
experimental data b) Flow field and experimental and 

numerical measurement point of Anjum et al. [24] study. 

 

3. Results and Discussion 

To measure the vertical velocity profile, a vertical line (at 
position P1) was drawn along the water depth at the 
center of the CFD channel, just below the vegetation 
patch (0.5D). In Figure 5a, the vertical velocity 
distribution profile of the vegetation patch for Case-1 and 
Case-2 was measured at the same point. The velocity 
profiles were affected behind the vegetation patch due to 
the drag provided by the square vegetation and therefore 
showed some fluctuations, which were observed to 
change according to the configuration, i.e., the number 
of patches. Accordingly, velocity values close to zero 
were obtained at the channel bottom for Case-1 and 
Case-2 due to the bed resistance. In addition, the 
velocity in Case-1 showed a sharp increase from 0 to 
0.158 m.s-1 relative to the vegetation patch. After this 
point, the increase in velocity was more gradual and 
decreased the flow velocity by 57% relative to the flow 
velocity at the inlet. A similar situation was observed for 
Case-2, where the velocity distribution about the 
vegetation patch showed a sharp increase from 0 to 
0.176 m.s-1 as the height increased. After this point, the 
increase in velocity was more gradual and decreased the 
flow velocity by 52% compared to the flow velocity at the 
inlet. The vertical velocity distribution for both cases 
within the P2 point of the CFD medium is obtained in 
Figure 5b. The velocity measured at the P2 point in 
Case-1 showed a sharp increase from 0 to 0.4 m.s-1 as 
the height increased and reached values higher than the 
flow velocity at the channel entrance. Afterwards, it 
continued to decrease gradually towards the top of the 
vegetation. At the P2 point of Case-2, there was a sharp 
velocity increase from 0 to 0.09 m.s-1 as the flow depth 
increased. Although it showed a partial decreasing trend 
afterwards, it increased up to 0.15 m.s-1. Afterwards, the 
flow velocity showed a decreasing trend and continued 
with values close to a constant velocity when the flow 
depth was approximately 0.13 m. This situation shows 
that an effective velocity distribution is provided as a 
result of the two-row arrangement of the vegetation 
patches. The flow from the first vegetation patch 
encounters the second vegetation patch, which creates 
a sharp flow separation in the flow steering effect of the 
vegetation patch and the downstream interface, leading 
to strong eddies and increased energy dissipation. This 
is directly caused by the sudden momentum change 
caused by the square vegetation patches [24]. 
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Figure 5. Depth-averaged vertical velocity distribution at points P1 and P2 for Case-1 and Case-2. 

In Figure 6, Turbulent Kinetic Energy (TKE) values were 
obtained at y=0.03 m above the channel bottom. Higher 
TKE values mean that more energy is absorbed. These 
values can be said for Case-1 that the V-shaped parts 
downstream of the vegetation patch increase the TKE 
values, and that 0.05 m2.s-2 values are obtained more in 

this region. It can be said that more energy is dissipated 
at the vegetation patch outlet. In addition, TKE values 
almost close to 0 were obtained in the channel center 
axis immediately downstream of the patch, and then the 
TKE values partially increased towards the channel side 
walls in an inverted V shape.

Figure 6. TKE values for Case-1 and Case-2 at y=0.03.

For Case-2, higher TKE values were observed in the 
downstream patch compared to the patch close to the 
upstream. TKE values close to 0 were observed more in 
the region between the two patches. In addition, the TKE 
region in the inverted V shape became smaller after the 
downstream patch. In terms of the effect in the 

downstream region, the turbulence region in Case-2 
became narrower compared to Case-1, and TKE values 
greater than 0 were observed in the channel center. This 
also tells us that more energy is dissipated. The values 
obtained in Table 2 show this.

Table 2. Energy dissipation conditions for Case-1 and Case-2. 

Case no h1 V1 h2 V2 E1 E2 ΔE=(E1-E2)/E1 

Case-1 0.1233 0.362 0.08 0.44 0.129979 0.089867 0.30860 

Case-2 0.1233 0.362 0.04 0.81 0.129979 0.073440 0.43499 

The energy (E) at any section of the open channel is calculated with the specific energy equation below. 

E=h+ V2

2g
                                     (1) 

   
Here is the energy difference between the two points: 
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and percent energy loss, 
 
% ∆E

E1
= #E1-E2

E1
$ x100                          (3) 

ΔE(%): the percent energy dissipation, E: the specific energy of the flow (as well as its total energy if the channel bed is 
assumed horizontal), n is the cross-section number of the channel, h: the flow depth, V: the average velocity of the flow, 
g: the gravitational acceleration. The indices 1 and 2 in the equations represent the upstream and downstream of the open 
channel, respectively.  

  

a) 

  

b) 

Figure 7. Velocity contours in sections A-A, B-B and C-C and a) Section velocity distribution passing through 0.5D for Case-1 b) Section 
velocity distribution passing through 0.5D at both patch downstream for Case-2. 
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In Figure 7, the velocity contours taken in sections A-A, 
B-B and C-C and the velocities downstream of the 
vegetation patch are observed. Figure 7a describes 
Case-1. Section A-A passes through X=0.2 m, that is, 
the channel mid-axis. While the velocities remained at 
very low values, especially in the region with vegetation 
patches and upstream, the flow velocity showed an 
increasing trend towards the downstream side. In section 
B-B, while the flow velocity was around 0.1 m.s-1 in the 
channel mid-axis, the vegetation pieces dividing the flow 
into two and directing it towards the downstream side 
caused velocity increases of up to 1.2 m.s-1 in the 
channel edge region. Figure 7b expresses the 
observations obtained for Case-2. In section A-A, very 
low flow velocities were observed in the vegetation patch 
and the upstream region. For section B-B, while the 
velocity was at a very low level in the channel mid-axis, 
it increased up to 1 m.s-1 towards the channel side walls. 
In the C-C section, the flow velocities increased up to 1.2 
m.s-1 towards the channel side surfaces. This situation 
can be said to cause an increase in speed as the flow 
passing through the first vegetation patch row tries to 
pass through a narrower area in the second vegetation 
patch. 

4. Conclusions 
The effect of the quadratic elements of rigid vegetation 
patches on the flow dynamics by providing a diamond 
arrangement is the focus of this study. A CFD approach 
was applied to visualize the detailed flow structures, 
velocity distribution, depth-averaged velocity distribution, 
and TKE around the vegetation patches in single-row 
and double-row arrangements. Accordingly, it was 
observed that the patches with double-row 
arrangements resulted in a more effective velocity 
distribution. The depth-averaged vertical velocity 
distribution at points P1 and P2 showed that lower values 
were obtained at the downstream for Case-2. The 
vegetation patch in Case-1 showed a sharp increase 
from 0 to 0.158 m.s-1. After this point, the increase in 
velocity was more gradual and decreased the flow 
velocity by 57% compared to the flow velocity at the inlet. 
Similarly, the velocity distribution to the vegetation patch 
for Case-2 showed a sharp increase from 0 to 0.176 m.s-
1 as the height increased. After this point, the increase in 
velocity was more gradual and decreased the flow 
velocity by 52% compared to the flow velocity at the inlet. 
In addition, in terms of the effect in the downstream 
region, the turbulence region in Case-2 narrowed even 
more compared to Case-1, and TKE values greater than 
0 were observed in the channel center. This also tells us 
that more energy was dissipated. While the energy 
dissipation percentage was 30% for Case-1, 
approximately 43% dissipation was achieved in Case-2. 
In the velocity graph obtained for the A-A section taken 
along the channel center axis and for the cross sections 
B-B and C-C, velocity increases were observed in the 
downstream. It can be said that this situation, especially 
for Case-2 caused an increase in speed because the 
flow passing the first vegetation patch row tried to pass 
in a narrower area in the second vegetation patch. Thus, 

it caused the flow depth to decrease. The obtained 
results are important for determining the effect of rigid 
vegetation patches on the flow dynamics. In addition, the 
support of CFD sampling with visuals and big data 
opportunities for feasibility reporting before field 
applications is at the forefront. 
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