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14 ABSTRACT
15 This study uses Large Eddy Simulation (LES) combined with the Lattice

16  Boltzmann Method (LBM) to analyze the three-dimensional flow structures through
17  and around submerged finite vegetation patches in an open channel. Vegetation patches,
18  modeled as arrays of circular stems arranged in alignment with varying streamwise and
19  spanwise gaps, are distributed using three schemes: increasing gap, uniform gap, and
20  decreasing gap along channel. The findings reveal that increasing stem density results
21  insmaller wake regions and a shift from large, organized coherent structures to smaller,
22 more numerous and chaotic eddies. When both the streamwise and spanwise gaps are
23 relatively small, the patch acts as a single stem with a complete horseshoe vortex and
24 no detached vortices within the patch. On one hand, when the streamwise gap increases
25  under relatively small spanwise gap situation, the shear layers appear with reducing
26  vortex shedding frequency and drag coefficient and allowing lateral fluid passage. On
27  the other hand, as the spanwise gap also increases, it weakens the interactions between
28  vortices generated from the adjacent stems, forming distinct horseshoe vortices and
29  reducing drag coefficient. Furthermore, for fixed vegetation patch dimensions,
30  adjusting stem distribution along the channel alters flow structures by modifying wake
31  length and vortex shedding patterns, with the drag coefficient decreasing from the
32 increasing gap scheme (denser upstream, Cd highest), to uniform gap scheme (moderate
33  Cd), and to the decreasing gap scheme (less dense upstream, Cd lowest), reflecting
34 reduced flow resistance with upstream sparsity. Based on the results and findings of
35  this study, lower upstream vegetation density is recommended for achieving reduced
36  drag.
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1 Introduction

Analyzing the role of aquatic vegetation in environmental flows from a fluid
dynamics perspective reveals their impact on flow characteristics and hydrodynamic
processes (Nepfet al., 2012; Zhang et al., 2020; Nakayama et al., 2020). This deepens
our understanding of aquatic ecosystems and provides essential scientific foundations

for water resource management, ecological protection, and environmental restoration.
In order to provide a comprehensive background, it is necessary to consider the
physical mechanisms of flow around and within vegetation. Nepfet al. (2012) reviewed

the mean and turbulent flows as well as mass transport in the presence of aquatic
vegetation, emphasizing the differences between emergent and submerged canopies and
the role of canopy-scale eddies in controlling turbulent exchanges. Edwards et al. (1999)

proposed a conceptual model for the dynamics of vegetation on large Alpine river
gravel bars, providing insights into the initial successional stages within active river
zones.

In rivers, vegetation distribution can be categorized into two types: riparian (Wang
et al., 2021) and mid-channel (Yagci et al., 2022). From a fluid dynamics perspective,

riparian vegetation exhibits the following characteristics: it absorbs and filters
pollutants from surface runoff through its root systems, reducing the pollution load
entering the river and acting as a crucial buffer zone. Moreover, it stabilizes the
riverbank soil, preventing bank erosion, reducing bank collapse and soil loss, and thus
maintaining the stability of the river morphology (Del et al., 2021). Li et al. (2022, 2023)
performed an experimental study to analyze the flow characteristics around continuous

vegetation patches of varying densities along riverbanks. The study revealed that
heterogeneity in vegetation density enhances momentum exchange at the interface,
promoting stress-driven infiltration into sparse (@ = 0.05) vegetation patches while
inhibiting it into dense (@ = 0.1) vegetation patches. Building on this, Liu et al. (2024)

carried out numerical studies to further investigate the impact of sparse and dense
vegetation patches on turbulence characteristics. Their research demonstrated that the
influence of heterogeneous vegetation increases with the density difference between
sparse and dense patches, although its effect is generally confined to within 10% of the
vegetation patch width. Liu et al. (2022) conducted a three-dimensional numerical study

on the fluid dynamics of discontinuously distributed riparian vegetation in open
channels using Large Eddy Simulation (LES) methods, approximating the vegetation
as a porous medium. Their research indicates that, in addition to vegetation density, the
aspect ratio significantly impacts the recirculation patterns, turbulence intensity,
turbulent kinetic energy distribution, and momentum transfer efficiency within the
vegetated side cavities. Zhang et al. (2022) utilized the Reynolds Stress Model (RSM)
to perform a numerical study on the three-dimensional flow around longitudinally

discontinuous riparian vegetation patches. Their findings showed that the turbulent
kinetic energy in the vegetated zones is significantly higher than in non-vegetated areas.
In non-submerged conditions, the turbulence intensity in the patch region is
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considerably greater than in the gaps between patches, while in submerged conditions,
the turbulent kinetic energy in the vegetated zone increases with the longitudinal length
of the patches. Fu et al. (2021) demonstrated that staggered arrangements of vegetation

patches along riverbanks could reduce the adjustment zone upstream of the vegetation
patches. Within the same side vegetation, the turbulence generated by leading and
trailing vegetation patches can overlap, increasing the turbulence intensity produced by
the trailing vegetation. Similarly, the trailing vegetation can attenuate the wake
turbulence of the leading vegetation patches, thereby limiting their turbulence intensity.

After sandbars form in a river channel, vegetation can grow on them, transforming
the sandbars into islands. The presence of vegetation on the sandbar structure
complicates the understanding of the hydrological system (Nandi et al., 2024). Mid-

channel vegetation has the following characteristics: it directly affects water flow
velocity and flow patterns by increasing flow resistance, thereby reducing flow speed
and diminishing the erosive and scouring forces of the water. Furthermore, mid-channel
vegetation traps and filters suspended particles through its roots and stem-leaf
structures, promoting sediment deposition and improving water clarity. Additionally, it
provides habitat, shelter, and food sources for aquatic organisms, enhancing
biodiversity. By altering local flow characteristics and turbulence structures, mid-
channel vegetation influences material and energy transfer processes, further
optimizing the function and health of aquatic ecosystems. Yamasaki et al. (2019)

investigated the evolution of vegetation patches in the central region of a river channel.
The fastest expansion of the vegetation area occurred during the initial simulation steps
when the flow obstruction caused by the vegetation was minimal. Higher velocity
thresholds resulted in faster initial growth and higher final vegetation coverage. The
patches evolved into one or several elongated islands extending along the watercourse.
Yu et al. (2021) conducted an experimental study on vegetation patches located in the

center of a river. The vegetation patches were rectangular with rounded corners. As the
patches became denser or longer, the stable wake region shortened, and the observed
vortices were located closer to the downstream edge of the patch. When the flow
blockage reached its maximum limit, Karman vortices were observed directly behind

the vegetation patch. Zhang et al. (2023) designed an experiment to study the
environmental flow around mid-channel vegetation. The study confirmed the critical
role of the vegetation patch aspect ratio. At low vegetation density, increasing the aspect
ratio can generate relatively high velocity gradients in the wake region, thereby
promoting the formation of wake vortices. Additionally, Kelvin-Helmholtz vortices are
triggered along the lateral edges of the patch, increasing the velocity within the patch
and contributing to the generation of wake vortices.

Although previous studies have provided valuable insights, the spatiotemporal
features of vegetated patches with varying densities, as well as their interactions with
fluid dynamics and turbulent fields, still require further investigation to achieve a full
comprehension. Notably, vegetation patches distributed periodically along river
channels form vegetated ribbons, which exert an exceptionally significant influence on

3



126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

146

147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

riverbed flow structures. However, corresponding research in this area remains
insufficient. This study primarily investigates the effects of vegetation patch spacing in
both the streamwise and spanwise directions.

This study aims to fill the existing research gaps by analyzing the impact of
different stem spacings and distribution schemes on the flow structure in open channel
flows. Specifically, we focus on three representative distribution schemes—uniform
(B2), gap-increasing (B2I), and gap-decreasing (B2D)—to evaluate the effects of
streamwise stem spacing on flow dynamics. In natural river systems, vegetation often
appears in the form of limited patches with varying densities and arrangements.
Understanding how these factors affect flow dynamics can provide a basis for designing
optimal vegetation arrangements in bank management, such as controlling erosion,
promoting sediment deposition, or creating ecological habitats. The selection of regular
arrangements (such as increasing gaps, uniform gaps, and reducing gaps) is to simulate
idealized scenarios for easy parameterization and comparison, providing a foundation
for understanding more complex natural arrangements.

The paper is organized as follows: Section 2 details the computational model and
boundary conditions. Section 3 introduces the numerical method and validation of the
present solver. Section 4 analyzes the obtained results. Section 5 summarizes the
findings.

2 Model

There are two common approaches to simulate rigid vegetation. The first approach
treats a vegetation patch as a porous medium and utilizes the porosity of porous media
to represent vegetation density, which leads to a smaller mesh size and relatively shorter
computation time (Liu et al., 2022). However, this method cannot accurately analyze

the internal flow structures within the vegetation patch. In contrast, the second approach
meticulously considers every stem in the vegetation patch, providing a more realistic
representation of flow structures, and it can also examine the influence of stem
arrangement on fluid dynamics (Liu et al., 2021). Hence, the current study is suitable

for employing the second method.

To examine the influence of stem arrangement on fluid dynamics within and
around the patch, the submerged vegetation patch is simulated by circular cylinder
(Chang et al., 2015). As shown in Fig. 1, X, Y, and Z of the coordinate system
correspond to the streamwise, vertical, and lateral directions, respectively. The main

computational domain was 0.6m x 0.1m x 0.5m in X-, Y-, Z- direction, respectively.
The origin of the coordinate system is located at the center of the first row of vegetation,
with the bottom wall of the channel defined at Y = 0.



164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

181
182

No slip

": L
O C 7 O O C O O O O O O O OO O O U (5
2 S
o] O O °9i O O O O O O O [ D O 00«0 O (Q
Q Q 7.
= = ek = =
O O O O O O© g a o @ @ @ ® ‘e e ) )/F O O O ¢
(-9 dz
o) o d ‘g O O O O O O O o) 0O O ¢ a
z 0.6 m
No slip
X
(a)

IIM
=
v,

(b)

Fig. 1 (a) Top view of the computational domain containing dimensions and boundary
conditions. (b) A three-dimensional view of the rectangular vegetated patch contained
in the computational domain.

Each submerged vegetation patch was composed of rigid stems with a diameter d
= 0.0064m (Waterman et al., 2024), and a height of # = 0.06m. The stem diameter d =
0.0064m was selected based on typical sizes of aquatic vegetation, such as reeds or

cattails, observed in rivers and wetlands, with diameters ranging from a few millimeters
to over a centimeter. This value represents a medium-sized stem, facilitating the study
of its effects on flow resistance. The stems were arranged in an alignment. The
vegetation patch consisted of N = 28 stems arranged in a 4 x 7 grid. Three distribution
schemes were investigated: uniform (B2), increasing gap (B2I), and decreasing gap
(B2D), representing key variations in stem spacing to examine their effects on flow
dynamics. The stem spacings are normalized by the diameter of the stem, referred to as
the streamwise spacing (0x=dx/d) and spanwise spacing (dz=dz/d), respectively. By

varying 0x and 8z between the cylinders, the patch-averaged solid volume fraction

@ =7

accordingly. The geometric parameters for each simulation cases are presented in Table
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1. The flow velocity was fixed at 0.08 m/s. The water depth is H = 0.1m, leading to a
submergence ratio H/h = 1.67. The channel Reynolds number is Re =
UoH/v = 7986.

Table 1 Characterization of the principal geometric and flow parameters

Case L (m) W (m) ox 0z () uniformity
Al 0.06 0.03 1.5625 1.5625 0.5 uniform
A2 0.12 0.03 3.125 1.5625 0.25 uniform
A3 0.18 0.03 4.6875 1.5625 0.167 uniform
B1 0.06 0.06 1.5625 3.125 0.25 uniform
B2 0.12 0.06 3.125 3.125 0.125 uniform
B3 0.18 0.06 4.6875 3.125 0.083 uniform
C1 0.06 0.09 1.5625 4.6875 0.167 uniform
C2 0.12 0.09 3.125 4.6875 0.083 uniform
C3 0.18 0.09 4.6875 4.6875 0.066 uniform
B2I 0.12 0.06 3.125 3.125 0.125 increasing
B2D 0.12 0.06 3.125 3.125 0.125 decreasing

Fig. 2 presents the distribution details of three vegetation distribution schemes:
uniform, decreasing, and increasing. For the non-uniform distribution schemes, the
vegetation patches are divided into three blocks: block 1, block 2, and block 3. Within
each block, the stem spacing is constant, with distances of dxi, dx; and dxs, respectively.
For the decreasing gap arrangement, the spacing between consecutive stems follows
the relation dxi+1-dxi=-0.01m. Conversely, for the increasing gap arrangement, the
spacing between consecutive stems follows dxi+1-dx;=0.01 m.

Block 1 Block 2 Block 3
T T T T W
z'[ ;‘ i
' : s stem arrangement gap
] uniform dxiyq —dx; =0
X dxy ; dxy dxgi decreasing dxi;q1 — dx; = —0.01m

increasing dx;41 — dx; = 0.01m

Fig. 2 Stem distribution map of three distribution schemes within the vegetation patch.

One vegetation patch was included in the computational domain (Fig 1b), and
periodic streamwise flow conditions were adopted. In other words, the channel
simulated in the present work is infinitely long, and the flow is fully developed. Periodic
boundary conditions were applied in the streamwise direction to simulate an infinitely
long channel, ensuring fully developed flow while isolating the effects of stem spacing.
Future studies may explore configurations involving multiple patches or non-periodic
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boundary conditions to further investigate spatial heterogeneity.

Non-slip boundary conditions were imposed to sidewalls and bottom of the
channel, and the stem surfaces. In the current simulations, the free surface is modeled
as a frictionless rigid lid, given that the Froude number Fr = U, /(gH)%° = 0.081.
Generally, the rigid-lid assumption is highly effective when Fr < 0.5 and has been
widely adopted in previous studies of flow around bluff bodies. (Etminan et al., 2017;
Liuetal., 2021)

In the subsequent sections of this document, the units of length, time, and velocity

are meters (m), seconds (s), and meters per second (m/s), respectively. For brevity, these
units will not be reiterated throughout the text. A structured grid was employed in the
current simulation, with a maximum mesh size of approximately 0.003m. Mesh
refinement was performed in appropriate locations such as the river wall, the wall of
vegetation and the vicinity of the vegetation.

3 Numerical method and validation

The lattice Boltzmann method is a dimensionless model, where all quantities are
formulated in the dimensionless lattice Boltzmann units. In the present work, the lattice
Boltzmann 3D Large Eddy Simulation (LES) code advances the governing continuity
and momentum equations over time.

3.1. The Lattice Boltzmann Method (LBM)

The Lattice Boltzmann Method (LBM) in this study adheres to the standard
formulation described in Chen and Doolen (1998) and Guo and Shu (2013), employing
the D3Q19 lattice model with the BGK collision operator. No modifications were made

to this established approach. The lattice Boltzmann equation is:

filx + ey, t +6¢) — filx, t) = _%[fi(x' - £ (x0)] )

where f; represents the density distribution function, fieq denotes the equilibrium
distribution function and 7 is the relaxation time attributed to the fluid particle
collisions. In LBM simulations, the relaxation time is related to the viscosity of the fluid.
e; is the discrete velocity in the i direction. In the D3Q19 model, 19 different
directions are defined for simulations in three dimensions, which is:

(£1,0,0)c, (0,%£1,0)c, (0,0, £1)c fori=1,...,6
e; =13 (£1,+1,0)c, (£1,0,+1)¢, (0,£1,+1)c  fori=7,...,18 )
(0,0,0)c fori=0

The equilibrium distribution function for the incompressible flow is:
3e;u | 9(e;uw)? 3u?
£ = wip |14+ 2 0L 2] 3)

c? 2c* 2¢?
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The weighting factors w; for the D3Q19 model is:
1/18 fori=1,...,6

w; =<1/36 fori=7,...,18 4)
1/3 fori=20

The kinematic viscosity can be calculated by:
1 1
v==_(t—3)c? )

The macro-scale quantities for the density, p, and momentum, pu, can be computed
from the distribution function, and the discrete velocities. This can be achieved through
the following calculations:

p(x,t) =X fi(x,t) (6)
pu(x, t) = X, eifi(x,t) (7)

3.2. Large eddy simulation for lattice Boltzmann equation

The Large Eddy Simulation (LES) extension of the Lattice Boltzmann Equation
(LBE) involves incorporating sub-grid scale (SGS) models into the LBM framework to
account for the effects of smaller turbulent eddies that cannot be resolved directly. This
approach allows for more accurate simulations of turbulent flows by filtering out the
small-scale fluctuations while retaining the larger, more significant structures in the
flow field (Malaspinas et al., 2011).

The filtered form of the LBE for LES is modeled as:

&t

Fitx+ et +8) = Fitot) = =2 (7600 - o 0) ®)

Tt
The effect of the unresolved scale motion is modeled through an effective collision
relaxation time scale t;. Thus, in the LBE, the total LES effective relaxation time is
T, = TO + Tt'

Accordingly, the total viscosity v* can be denoted as:
Vi =vy+ v, 9)

In the present work, the subgrid closure is achieved using the Smagorinsky model
(Smagorinsky, 1963). This model is a widely used approach in LES to account for the

effects of smaller, unresolved turbulent eddies. The Smagorinsky model defines the
subgrid-scale eddy viscosity v; as:

ve=(ca,) s (10)

where:
Cs is the Smagorinsky constant.

A X is the filter width, typically related to the grid size.
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|S| is the magnitude of the strain rate tensor, given by:

IS| = /2555 (11)

and the strain rate tensor S;; is defined as:

. ou;

6x]' 6xi

It is important to note that there are significant differences in the implications of
the Smagorinsky closure in LBE-LES and NS-LES. In NS-LES, the subgrid-scale stress
immediately responds to the current filtered strain rate without any time lag, implying
an instantaneous effect. This means that the subgrid-scale stress is in equilibrium with
the instantaneous local strain rate. In contrast, in LBE-LES, the subgrid-scale stress
reaches equilibrium through a relaxation process, introducing a time lag effect and
exhibiting spatiotemporal memory. Therefore, the subgrid-scale stress in LBE-LES
does not immediately balance with the filtered strain rate. Instead, the stress relaxes
towards the value determined by the filtered strain rate at a relaxation rate dictated by
the current eddy viscosity. Consequently, the LBE-LES formulation may result in more
pronounced spatiotemporal memory effects. In NS-LES, the influence of the eddy
viscosity is instantaneous, and non-hydrodynamic variables are completely neglected.
Preliminary studies using the LBE-LES method have demonstrated favorable outcomes
(Coratger et al., 2021; Siodlaczek et al., 2021; Wu et al., 2024).

3.3. Validation and grid independence

To validate the accuracy of the numerical method employed in this study, a
comparison was made between the numerical simulation results and previous
experimental data by Zong and Nepf (2011), including the staggered stem arrangement.

The validation results showed strong agreement with the experimental data, confirming
the model's accuracy. It should be noted that the primary cases in this study (B2, B2I,
B2D) employ rectilinear arrangements to systematically investigate the effects of stem
spacing variations. The experimental setup consisted of a 16-meter-long, 1.2-meter-
wide flume, with one side containing model vegetation arranged in a staggered scheme
of cylindrical structures, each 6 mm in diameter. The vegetated zone spanned 10 meters
in length and 0.4 meters in width. In the current comparative study, we performed
simulations for the case of sparse vegetation patches (® = 0.02) under flow conditions
characterized by a medium velocity (9 cm/s). Further information can be found in Zong
and Nepf's work. Considering the extended length of the vegetated region, a periodic
boundary condition was applied in our simulations to represent the vegetation patches.
Each stem within the vegetation patch was modeled as a cylinder, consistent with the
experimental setup. Boundary conditions mirrored those of the experimental
configuration, except for the inflow and outflow boundaries.

9
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As seen in Fig. 3, the numerical results closely match the experimental data in
most regions, particularly in areas where the velocity increases and reaches its peak,
demonstrating the ability of the numerical method to accurately capture the velocity
variations around the vegetation. Within the patch, the numerical simulation shows
small oscillations in velocity. These oscillations arise from the flow behavior within the
vegetation zone: velocity is lower near the vegetation elements and higher in areas
farther from the vegetation, leading to periodic velocity fluctuations. Overall, the
numerical method used in this study successfully reproduces the velocity distribution
of flow through vegetation in an open channel. The comparison with experimental data
confirms the validity of the method and provides a reliable numerical foundation for
investigating more complex flow problems involving vegetation.

2.0 T
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167 Zong and Nepf (2011
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Fig. 3 Comparison of the simulated streamwise velocity profile (red curve) with
experimental data from Zong and Nepf (2011). The gray circles represent the

experimental results for the condition replicated in our simulation, while other symbols
(black circles, squares, triangles) denote additional experimental configurations from
the original study. The x-axis represents the streamwise direction, and the y-axis
denotes the spanwise distance from the vegetation centerline.

The computational grid was designed to satisfy LES requirements, with a
minimum grid size of Ax = 0. 0004 m (approximately d/16 where d = 0.0064m is the
stem diameter) near the stems and channel bed, enabling resolution of key turbulent
structures. The near-wall first-layer thickness is Ay = 0.0001m, corresponding to Ay" =
1, ensuring accurate simulation of the viscous sublayer. Grid independence tests
confirmed the convergence of the results. Fig. 4 represents a mesh independence study,
which is an essential process in CFD to ensure that the results are not influenced by the
mesh resolution. The x-axis shows the number of grid points, starting from a coarse
mesh on the left to a very fine mesh on the right. The y-axis represents the drag
coefficient (Cd). With a coarse mesh, the drag coefficient is relatively high, around 0.45,

10



342
343
344
345
346
347
348
349
350
351
352

353
354

355
356

357

358

359
360
361
362
363
364
365
366
367

suggesting that the coarse mesh does not sufficiently capture the flow details, leading
to an overestimated Cd. As the mesh is refined to a medium mesh, the Cd decreases
significantly, indicating improved accuracy in the simulation as more grid points are
used. When the mesh is further refined to a fine and very fine mesh, the drag coefficient
stabilizes at around 0.25. This indicates that beyond a certain number of grid points, the
results no longer change significantly, meaning that the solution has become mesh
independent. The graph demonstrates that for this simulation, a fine mesh (around
4x107) is sufficient to achieve accurate results. Further refinement, such as with a very
fine mesh, only results in marginal changes to the drag coefficient, confirming that the
solution has converged.

0.50 — T T——— e

0. 45 4
, Coarse mesh

0.40 1 .

Y Medium mesh
S 0.35 .

0.30 .

Fine mesh
0. 25 .
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0. 20 e
1x10° 5X%

106 1107 5% 107 110 5% 10°
Number of grids
Fig. 4 Mesh independence study showing the variation of drag coefficient with the

number of grids.

4 Results and discussion

4.1 Mean flow pattern

Fig. 5 shows the effects of streamwise stem spacing (6x) on time-averaged
streamwise velocity (ux) distribution around the vegetation patch. It is evident that the
vegetation exerts a significant shielding effect. In fluid mechanics, the shielding effect
refers to the phenomenon in which objects or structures, such as vegetation or obstacles,
reduce the force or impact of the flow on downstream elements by obstructing or
redirecting the flow around them. Spacing dominates the shielding effect between the
stems. The strong shielding effect under small 6x limits the downstream flow
development, while larger spacings provide more space for the flow to reorganize,

leading to an extended wake region after each individual stem and the whole patch. In
11
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the case of 6x = 1.5625, the small stem spacing causes the flow to quickly separate after
encountering the first stem, forming a relatively short wake region. Due to the dense
arrangement of the stems, flow reattachment occurs rapidly in the downstream region.
When ox increases to 3.125 and 4.6875, the steady wake zone becomes more
widespread behind the stems, and the wake lengthens as well. From the perspective of
the XY-plane (Fig. 5(a2-c2)), there is a noticeable velocity difference between the
regions directly above and below the vegetation. It can be observed that the flow
beneath the vegetation slows down considerably, while the flow above the vegetation
accelerates. This indicates that the vegetation exerts a significant blocking effect on the
water flow, particularly forming a wake in the downstream region. Due to the
deceleration of flow beneath the vegetation, a distinct stratification of the fluid emerges
in this area. In summary, different stem spacings affect the flow structure in terms of
wake length and flow separation position. Smaller spacings cause stronger interactions
between stems, resulting in shorter wake regions, while larger spacings allow for
extended wake regions.

Fig. 5 Time-averaged x-direction velocity (ux) contour plots for stem arrays in an open
channel at different stem spacings, 6x = 1.5625 (al-a2), 3.125 (b1-b2), 4.6875 (cl-c2).
The first row shows the velocity distribution in the XZ-plane at Y = h/2 = 0.03m, and
the second row shows the distribution in the XY-plane at Z = 0 (channel center).

The spanwise spacing (6z) dominates the lateral interference between stems. The
stronger lateral interaction under a small 6z leads to a shorter wake region (Fig. 6). As
0z increases, the fluid has more space to recover momentum after passing through the
stem array, resulting in a considerably longer wake region. Smaller 6z (1.5625) limits
lateral flow freedom, leading to a shorter wake region and quicker recovery. As a result,
the flow reattachment occurs earlier, and the extent of the wake region is suppressed.
Conversely, as 6z increases to 3.125 and 4.6875, the length of the wake region grows,
and the steady wake zone expands. Results from the XY-plane also show that, as Z-
direction spacing increases, the area and length of the steady wake zone gradually
increase. In summary, smaller 8z values suppress momentum recovery and result in
shorter wake regions, while larger 6z values promote the development of more
extensive wake regions.

Fig. 6 Time-averaged x-direction velocity () contour plots for stem arrays in an open
channel at different stem spacings 0z = 1.5625 (al-a2), 3.125 (b1-b2), 4.6875 (c1-c2).
The first row shows the velocity distribution in the XZ-plane at Y = h/2 = 0.03m, and
the second row shows the distribution in the XY-plane at Z = 0 (channel center).
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Fig. 7 shows the time-averaged distribution of x-direction velocity (i) for stem
arrays in an open channel at different stem spacings B2I, B2, B2D. The sharp increase
in u, near the free surface reflects the transition from the vegetation layer to the free-
stream region. For the B2I configuration, the fluid encounters strong resistance, causing
early flow separation and a shorter wake region in the initial region. However, as the
spacing increases, the fluid momentum gradually recovers, and the wake region extends
significantly downstream. This configuration has potential applications in scenarios
where reducing downstream resistance is critical. In the B2 configuration, the stem
spacing remains uniform throughout. The flow separation and reattachment points are
evenly distributed, and the wake region length remains relatively consistent. The
process of momentum loss and recovery is stable across the stem array, resulting in a
symmetric flow structure. For the B2D configuration, the stem spacing decreases along
the flow direction. The results reveal that the downstream region experiences greater
flow disruption, with the wake region extending significantly and momentum recovery
becoming more challenging.

Fig. 7 Time-averaged x-direction velocity (ux) contour plots for stem arrays in an open
channel at different stem spacings B2I (al-a2), B2 (b1-b2), B2D (c1-c2). The first row
shows the velocity distribution in the XZ-plane at Y = h/2 = 0.03m, and the second row
shows the distribution in the XY-plane at Z = 0 (channel center).

To investigate effects of stem spacing on flow adjustment, the time-averaged
nondimensional streamwise velocity u, along the centerline for different stem spacings
(0x = 1.5625, 3.125, 4.6875) were compared (Fig. 8). The streamwise velocity (ux)
along the centerline, defined as (Z = 0) (spanwise center) and (Y = h/2 = 0.03m) (mid-
stem height), was analyzed to capture the flow within the vegetation layer. Near the
inlet (x < 9.4), velocity drops significantly due to stem obstruction. In this region, the
velocity curves for all spacings almost overlap, indicating that the effect of stem
streamwise spacing is not yet significant at the initial stage of flow. In the middle region
(9.4 < x < 18.8), larger spacings lead to an extended wake region, making the
downstream momentum recovery process more complex. The results indicate that
although increasing the spacing is generally expected to reduce local resistance, the
velocity for 6x = 4.6875 is actually lower than that for dx = 1.5625 and 3.125,
particularly in the downstream region (x > L). In the downstream region, the delayed
velocity recovery is particularly evident for the larger spacing (6x = 4.6875). Although
the local turbulence effects are reduced, the wake region extends further, and the
reattachment point is delayed, resulting in a slower velocity recovery that is even lower
than for smaller spacings. This phenomenon suggests that while larger spacings reduce
local turbulence mixing, the extension and complexity of the wake structure prolong
the velocity recovery process.
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For a narrow lateral spacing (dz = 1.5625), the rapid drop in velocity indicates
earlier and stronger flow separation. As dz increases, the velocity drop is more gradual,
indicating that the fluid has more freedom in the z-direction, allowing it to navigate the
stem array with reduced flow separation. The velocity recovers more rapidly for the
smallest z-direction spacing (6z = 1.5625), while the recovery is slower for larger
spacings (6z = 3.125 and 4.6875). For the smallest z-direction spacing (6z = 1.5625),
the recovery process is expedited, as a smaller 6z corresponds to higher density and
narrower patch width, both of which contribute to a faster recovery. Conversely, for
larger spacings (6z = 3.125 and 4.6875), the flow remains more stable. In this case, the
reattachment point shifted further downstream, leading to a longer wake region.
Although the periodic boundary conditions maintain the cyclic nature of the flow, the
larger z-direction spacing allows for smoother flow past the stems with less disturbance,
resulting in weaker vortex structures and less efficient momentum transfer.

Fig. 8 Time-averaged streamwise velocity u, along the centerline for (a) different
uniform-distributed streamwise spacings (0x), (b) different uniform-distributed
spanwise spacing (0z), and (c) varying spacings with the averaged spacing
8x=6z=3.125. The shaded regions represent the vegetation zone.

For three different gap configurations (Fig. 8c), velocity decreases similarly along
the centerline. In the B2I case, the vegetation density increases along the flow direction.
From the velocity profile, it is evident that the velocity fluctuations upstream within the
vegetated patch are significantly smaller than those downstream within the patch. In
contrast, in the B2D case, the velocity fluctuations are greater upstream within the
vegetated patch. Nevertheless, the overall velocity profiles for the three vegetated
patches, B2I, B2, and B2D, are nearly identical.

4.2 Instantaneous turbulent field

Fig. 9 shows the vertical vorticity contour plots at the Y = 0.05m and 0.002m
planes and the Fast Fourier Transform (FFT) of drag force for different dx values. It is
worth noting that the vegetation spacing in the z direction is fixed at 6z = 1.5625. AtY
= 0.05m, it can be observed that since the width of the three vegetation patches are
consistent, the size of steady wake zones they create do not differ significantly in the z
direction. Specifically, at 6x = 1.5625, the stems are very close to each other, decaying
the incoming flow to pass through the gaps between the stems, and the fluid velocity
entering the vegetation patch decreases along the flow direction. Due to the close
spacing (0x = 1.5625), coherent vortex structures do not form behind individual stems,
as the limited space and flow interference from adjacent stems suppress distinct
shedding patterns, although vorticity is still shed into the wake. The flow separation on
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the lateral sides of the vegetation patch leads to the formation of leading-edge vortices
(LEV) (Son et al., 2022). Additionally, a trailing edge vortex forms behind the
vegetation patch and sheds in the form of a K&rman vortex street.

When the spacing 6x increases to 3.125, the flow within the vegetation patch
becomes more complicated. As the fluid passes through the first row of stems, the
generated LEVs collide with the second row of stems, creating more fragmented
vortices. Indicated by the vorticity, the strength of the vortices behind the second row
of stems is significantly weaker than that of the first row. Unlike the scenario with ox =
1.5625, LEV-like vortices form on both sides of each row of stems. When 6x increases
to 4.6875, the spacing further increases. The steady wake region behind the vegetation
patch continues to shrink. Within the vegetation patch, the fluid channels in the z-
direction become more pronounced.

The analyzed plane is at Y = 0.05m, which is close to the top of the stems since
the stem height is 0.06m. In contrast, the plane at Y = 0.002m is closer to the lower end
of the stems. It is observed that the vorticity intensity significantly decreases near the
ground plane. A distinct vorticity pattern is visible only around the first row of stems in
the vegetated patch, while the vorticity intensity in the downstream rows is much lower.
This reduction, compared to the Y = 0.05m plane, is attributed to the influence of ground
friction.

Additionally, a FFT analysis was conducted to examine the vortex shedding
frequency. The FFT results reveal the primary frequency of vortex shedding. It can be
observed that in all the cases studied, there is a dominant frequency, and this primary
frequency decreases as the dx increases. It should be noted that, throughout the paper,
identical legends are used for the contour plots of the same physical quantities.

Fig. 9 Vertical vorticity contours in instantaneous fields at Y = 0.05m (left column) and
0.002m (right column) for (al-a2) 6x = 1.5625, (b1-b2) dx =3.125, (c1-c2) 6x =4.6875,
and the fast Fourier transform (a3-c3), at 8z = 1.5625 and different dx.

Due to the height of the vegetation being less than the water depth, it is necessary
to consider the influence of the free ends of each stem. In fact, the flow over the free
ends of finite-height stems is a very important topic, encompassing complex flow
structures (Sumner, 2013). Fig. 10 presents the velocity and vorticity contours in the Z

= 0 plane. As previously mentioned, when ox = 1.5625 and 6z = 1.5625, the flow
separates at the leading edge of the vegetation patch free end, forming a distinct
recirculation zone (white narrow in Fig. 10(al)) above the top of the vegetation patch.
Moreover, the vortices shed from the rear of the top of the vegetation patch are also
pronounced. When the spacing increases to 3.125, although the flow near the leading
edge of the top of the vegetation patch remains similar, the height of the recirculation
zone at the top decreases. This is because the increased distance between the stems
reduces the obstructive effect of the free ends on the fluid flow, thereby reducing the
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boundary layer thickness. The fluid velocity between the stems increases with the
spacing, which naturally reduces the size of the recirculation zone at the top.
Additionally, the larger spacing allows the trailing vortex shed from upstream to impact
the downstream stems. This is evident in the staggered vortex shedding layer
surrounding the top surface of the vegetation patch. The similar situation also occurs
when 6x = 4.6875.
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Fig. 10 Velocity (left column) and vorticity (right column) contours in instantaneous
fields at Z = 0 plane and 6z = 1.5625 for different ox, (al-a2) éx = 1.5625, (b1-b2) ox
=3.125, (c1-c2) ox = 4.6875.

—
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Fig. 11 shows the coherent structures around the vegetation patch visualized using
the Q criterion (Dubief and Delcayre, 2000). The Q criterion is an important method

for identifying vortex structures in a flow field. In three-dimensional flows, vortex
structures are typically associated with localized rotational motion. The Q criterion

Q = %(llﬂll2 — |IS|I?)) quantifies the dominance of rotation in the flow by comparing

the rates of rotation and strain, which are represented by the rotation rate tensor (€2) and
the strain rate tensor (S), respectively. Triggered by the velocity shear between the
vegetated region and the free stream regions, several types of vortices are formed: the
upstream horseshoe vortex formed at the interface between the vegetation patch and the
bottom wall (Frederich et al., 2008), the trailing vortex formed above, on the side edges

and at the free ends of the stems, and the Karman vortex formed behind the stems. The
observed formation of horseshoe vortices can be explained by the study of Zong and
Nepf (2011), which describes the mechanism of vortex development behind finite
porous obstacles. When dx = 1.5625, the vortices from the first row of the patch almost
envelop the second and even the third rows of stems. Due to the small spacing between
the stems, the decay of the interior velocity suppresses the generation of stem-scale
vortices (Liu _and Nepf, 2016). As the spacing in the x-direction increases, the
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downstream stems are no longer enveloped by the vortices shed from the first row of
stems. Instead, they interact with these vortices, leading to more involved vortex
formations. Specifically, at dx = 4.6875, the increased spacing allows the downstream
stems to generate shear layers on their surfaces, which then shed vortices downstream.

Fig. 11 Visualization of the coherent structures in an instantaneous flow field using the
Q criterion at 6z = 3.125 for different ox, (a) 0x = 1.5625, (b) 6x =3.125, (c) 0x =4.6875.

As previously mentioned, increasing the spacing in the x-direction essentially adds
transverse channels (Z-direction) within the vegetation patch, thereby enhancing the
fluid passing through. This phenomenon is clearly illustrated by the streamlines in Fig.
12. At 6x = 1.5625, only a small portion of the fluid flows outward within the vegetation
patch. This fluid enters through the gaps between the first row of stems, where it faces
the incoming flow directly, enters the gaps at a relatively high speed, and then flow out
from the sides. The flow diversion leads to a reduction in flow velocity. When ox
increases, it becomes evident that the vegetation patch interior contains not only fluid
entering from the front and exiting from the sides but also fluid flowing in from the
sides, which explains why the velocity recovers before the end of the patch when the
streamwise spacing increases.

The side view reveals that when 6x = 1.5625 and 3.125, the fluid entering from
the front row of the vegetated patch exits from the upper middle section of the patch.
However, when dx = 4.6875, the fluid predominantly exits from the bottom of both
sides of the vegetation patch. This is the evidence that when streamwise spacing is small,
the flow adjustment is dominated by the vertical flow diversion. In contrast, for 6x =
4.6875, the increased streamwise spacing between the stems enhances the potential for
lateral flow within the vegetation.

w /,{,!(?’//,/’4'//// :
(al) (b1) (c1)

| M = bl sy
(a2) (b2) (c2)

Fig. 12 Streamlines through and around the vegetated patch at 6z = 1.5625 for different
0x, (al-a2) dx = 1.5625, (b1-b2) ox = 3.125, (c1-c2) ox = 4.6875.

Fig. 13 shows the vertical vorticity plots on the Y = 0.05m planes for different 6z
values. At 6z = 1.5625, no obvious separation flow or vortex shedding is observed.
When 6z = 3.125, the flow within the vegetation patch resembles four tandem arrays of
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stems. In each array, the shear layer separated from the first stem reattaches to the
downstream stem. Because of the small gaps between the stems, no vortex shedding
occurs behind the upstream stems, with shedding occurring only behind the last stems.
Notably, since 90z is not large enough, the shear layers from each stem array interact
with those of adjacent arrays. At 6z = 4.6875, the lateral spacing between the stems
increases, reducing the interaction between shear layers from different arrays. The
frequency analysis demonstrates that the two distinct vegetation patches (6z = 3.125
and 4.6875) exhibit similar dominant vortex shedding frequencies.

Fig. 13 Vertical vorticity contours in instantaneous fields at Y = 0.05m for (a) 6z =
1.5625, (b) 6z = 3.125, (c) 8z = 4.6875 and the fast Fourier transform planes, at dx =
3.125 and different 6z.

Fig. 14 presents the velocity and vorticity contours on the Z = 0 plane. As 6z
increases, the fluid velocity downstream of the vegetation patch significantly increases.
Combining this with Fig. 13, it can be concluded that increasing 6z extends the
longitudinal size of the steady wake region. Consistent with previous observations in
the emergent circular patch (Zong and Nepf2011), a larger after-patch velocity leads to

a larger steady wake region. Compared to the changes in the steady wake region caused
by increasing ox (Fig. 9 and Fig. 10), the impact of 6z is more pronounced. It is
noteworthy that this section is located at Z = 0, which is the mid-plane, where stems are
symmetrically distributed on both sides, with no stems located on this plane. When 6z
= 1.5625, the distance between the stems on either side of the mid-plane and the plane
1s 0.005m. Due to the small spacing, clear vortex shedding can be observed on this
plane, indicating the interaction of the stem-scale vortices. However, as 8z increases to
3.125 or even 4.6875, the lateral interaction of the interaction of the stem-scale vortices
decays. Consequently, the intensity of vortex shedding observed on this plane is lower
than that at 6z = 1.5625.
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Fig. 14 Velocity (left column) and vorticity (right column) contours in instantaneous
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fields at Z = 0 plane and ox = 3.125 for different 6z, (al-a2) 6z = 1.5625, (b1-b2) dz =
3.125, (c1-c2) 8z = 4.6875.

Hairpin vortex

Fig. 15 Visualization of the coherent structures in an instantaneous flow field using the
Q criterion at 6x = 3.125 for different 6z, (a) 6z=1.5625, (b) 6z=3.125, (c) 0z=4.6875.

Fig. 15 shows the coherent structures in the instantaneous flow field using the Q-
criterion for different 6z values. When 6z = 1.5625, a horseshoe vortex is present
between the vegetated patch and the bottom wall, formed collectively by the closely
spaced stems in the first row. As 0z increases, the spacing between the stems becomes
sufficiently large, resulting in the formation of individual small horseshoe vortices in
front of each column of stems. Hairpin vortices marked in Fig. 15, play a crucial role
in enhancing turbulent mixing within the vegetation patch. These structures, commonly
observed in turbulent boundary layers, facilitate momentum and mass transfer through
their rotational motion. In the context of vegetated flows, hairpin vortices contribute to
the vertical transport of fluid, which can influence sediment deposition and nutrient
distribution in natural river systems, thereby impacting ecological processes.

Fig. 16 illustrates the streamlines within and around the vegetation patch at 6x =
3.125 for different 6z values. When 6z = 1.5625, the small spacing in the z-direction
causes the fluid entering the patch to exit laterally and a significant feature of the flow
is the notable lateral flow diversion within the vegetation patch. This indicates that the
lateral channeling effect of the current vegetation distribution is significant. However,
when 0z increases to 3.125, the larger lateral gap allows more fluid to pass through.
Despite the relatively large 6x value, few streamlines cross more than two rows of stems.
Larger dx and 6z promote streamwise flow within the vegetation patch, while smaller
0z inhibits it, favoring lateral flow. As 8z increases to 4.6875, the lateral movement of
the fluid within the vegetation patch further decreases.
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Fig. 16 Streamlines through and around the vegetated patch at dx = 3.125 for different
0z, (al-a2) 6z =1.5625, (b1-b2) 6z =3.125, (c1-c2) 6z = 4.6875.

Based on the side view, it can be observed that as the 6x increases, the streamlines
become more horizontal. At 0x = 1.5625, the flow entering the vegetation patch from
upstream tends to exit from the sides of the patch. However, when 0x increases to
4.6875, the interactions between the wakes of the stems weaken, which is due to the
spacing between stems is large enough (Chang et al., 2015). The increased spacing

allows the flow to pass through, leading to a more orderly downstream flow. The flow
entering the first row of stems exits through the gaps in the last row.

Fig. 17 illustrates the vertical vorticity contours and corresponding FFT analysis
at 8z =3.125 for the planes Y = 0.05m, comparing the stem distributions within different
regions of vegetation patches. In the case of B2I, where the stem-to-stem spacing in the
first three rows is 0.02m, no vortex shedding is observed from the first two rows of
stems. However, vortex swing begins from the third row as the shear layers from the
first three rows merge. Due to the increased spacing of 0.04m between the third and
fourth rows of stems, wave-like wakes are formed downstream. At the downstream of
this row, independent shear layers and wave-like wakes develop for the downstream
stems. Vortices generated upstream impact the downstream stems, and alternating
vortex shedding occurs behind the final row of stems. In the B2 case, the streamwise
spacing 0x is uniform at 3.125, resulting in shear layers around each stem, with the
vortices impacting the downstream stems. The behavior in B2D is the reverse of B2I.
In the near-ground plane, a significant reduction in vorticity is observed, indicating a
decrease in flow velocity due to ground friction, leading to a more uniform and
organized flow pattern. The frequency analysis indicates that the three distinct
vegetation configurations exhibit analogous dominant vortex shedding frequencies.

Fig. 17 Vertical vorticity contours in instantaneous fields Y = 0.05m (left column) and
0.002m (right column) for (a) B2, (b) B2, (c) B2D and the fast Fourier transform at 6z
= 3.125 and different distributions in x-direction.

Fig. 18 shows the velocity and vorticity contours for different stem arrangements
inside the vegetation patch. In the increasing gap (B2I) case, although the dx between
the first three rows of stems is small, the relatively large 8z allows the fluid to pass
through the gaps along the flow direction. Conversely, in the decreasing gap (B2D) case,
the upstream stem density is lower, allowing fluid to enter and develop complex vortex
structures before encountering the denser downstream stems, preventing the fluid from
flowing out sideways from the dense stem region. Analyzing the vorticity contours, it
can be observed that the B2D case contains more vortex structures compared to the B2I
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698 case. This is due to the vortices generated by the upstream stems in the B2D
699  configuration.
700

201 (cD) (c2)

702 Fig. 18 Velocity (left column) and vorticity (right column) contours in instantaneous
703  fields at Z = 0 plane and 6z = 3.125 for different distributions in x-direction, (al-a2)
704  B2I, (b1-b2) B2, (c1-c2) B2D.

705

706 Fig. 19 thoroughly illustrates the streamline distribution within the vegetated
707  patches. In the B2I case, the fluid enters the patch with a nearly straight flow initially,
708  experiencing minimal deviation. However, as it moves through the second segment (dx
709 = 3.125), deviations begin to occur, leading to lateral movements, which intensify in
710  the third segment, resulting in more complex flow patterns. In the B2 case, deviations
711  in the fluid flow occur throughout the patch, with no evidence of rectilinear flow. In the
712 B2D case, the upstream fluid shows significant turbulence, but due to the smaller lateral
713 gaps in the downstream region, the fluid exits in two distinct ways: either from the sides
714 upstream of the dense stem region or by passing through the dense area along the x axis.
715

V) 2
16 (a2) (b2)

717  Fig. 19 Streamlines through and around the vegetated patch at 6z = 3.125 for different
718  distributions in x-direction, (al-a2) B2I, (b1-b2) B2, (c1-c2) B2D.
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4.3 Drag coefficient

Fig. 20 shows the drag coefficient (Cd) in the streamwise direction (x-direction)
and the lateral force coefficient (Cl) in the spanwise direction (z-direction) on the
vegetation patch. The drag and lateral force coefficients can be defined as

__ ZiFq

Cd = 0.5pWhUZ (13)
__ZiFt

¢l = 0.5pWhUZ (14)

Fig. 20 Time series of total drag (a) and lateral (b) coefficients of the vegetated patches
for different 6x.

Interestingly, even though the spacing in the z-direction remains constant, altering
the streamwise spacing between stems can still significantly impact the drag coefficient.
Specifically, when 6x increases from 1.5625 or 3.125 to 4.6875, the drag coefficient
decreases notably. Regarding the lateral force coefficient, since the vegetated patch is
symmetrical about the entire computational domain, the lateral force coefficient
oscillates around zero. Moreover, increasing 0x significantly reduces the amplitude of
these lateral force variations. This reduction is due to the larger gaps between the
vegetation patches, which allow more fluid to pass through, thereby reducing the force
exerted on the vegetation.

Fig. 21 shows the time series of total drag and lateral force coefficients of the
vegetated patches for different dz. It can be seen that as 6z increases, Cd decreases. This
is because as 0z increases, the lateral spacing of the vegetation increases, allowing fluid
to pass through the vegetated patches more easily, which reduces the drag experienced
by the patches and also decreases the amplitude of the drag variations over time. For
Cl, since 0x remains constant, the variations in Cl with 8z are not significant.

Fig. 22 illustrate the statistical results of the drag coefficient in the vegetation
region and the standard deviation of the lift coefficient as functions of the spatial
variation parameters 0x and dz. The data indicate that the drag and lift in the vegetation
area vary significantly with changes in the 0x and 6z parameters, highlighting the
complex hydrodynamic behavior under different geometric conditions. Fig. 22(a)
presents the time-averaged drag coefficient. Each bar represents the variation in the
drag coefficient of the vegetation region for different combinations of dx and dz. The
figure shows a significant change in drag coefficients across different parameter
combinations, with the combination of (3x, 6z) = (3.125, 1.5625) resulting in a higher
drag coefficient (close to 0.5), while other combinations have lower drag coefficients
(around 0.1). This suggests that the drag changes notably as the flow passes around
cylinders with varying spacings. Fig. 22(b) depicts the standard deviation of the lift
coefficient, reflecting the magnitude of lift fluctuations over time. Higher bars indicate
larger fluctuations in the lift coefficient under the combination of (6x, 6z) = (1.5625,
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3.125), with the standard deviation reaching up to 0.06, while lower bars suggest
smaller lift fluctuations. The fluctuation in lift is closely related to the instability of the
flow structure and vortex shedding.

Fig. 21 Time series of total drag (a) and lift (b) coefficients of the vegetated patches for
different dz.

Fig. 22 The time-averaged drag coefficient (a) and the standard deviation of the lateral
coefficient (b) for vegetation patches as a function of variations in 6x and 6z.

Fig. 23 illustrates the effect of the streamwise distribution of stems within the
vegetated patch on the drag coefficient and lateral force coefficient. It is important to
note that the three selected cases have the same length, width, and number of stems
within the vegetated patch, differing only in their streamwise distribution. From the
drag coefficient figure, it is evident that the B2I case exhibits the highest drag
coefficient, followed by the B2 case, with the B2D case showing the lowest drag
coefficient. As for the lateral force coefficient, maintaining the overall density of the
vegetated patch while altering the internal distribution of the stems does not
significantly impact the lateral force coefficient.

Fig. 23 Time series of total drag (a) and lateral (b) coefficients of the vegetated patches
with various stems distribution in x-direction.

5 Conclusion

This study employs Large Eddy Simulation (LES) and Lattice Boltzmann Method
(LBM) to investigate flow characteristics through submerged vegetation patches in an
open channel. The patch was constructed in alignment with varies spacings. The
findings reveal that streamwise (6x) and spanwise (0z) stem spacing critically shape
flow dynamics, wake regions, and coherent structures. At dx, 8z < 1.5625, the patch
forms a single horseshoe vortex without detached vortices. Increasing dx to 3.125 or
4.6875 generates shear layers, reducing vortex shedding frequency and drag coefficient.
Increasing 6z to 4.6875 weakens vortex interactions, forming distinct horseshoe
vortices and further lowering drag. The non-uniform stem spacing, as exemplified by
B2I and B2D, significantly influences flow characteristics, offering preliminary
insights for optimizing vegetation layouts. Distribution schemes also affect drag, with
coefficients decreasing as Cdgar > Cdp2 > Cdgap, achieving the lowest drag when
upstream density is reduced. These results elucidate vegetation-flow interaction
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mechanisms, providing a quantitative basis for optimizing open channel design, erosion
control, and flood management.

While the current study focuses on three key distribution schemes (B2, B21, B2D)
to establish the influence of stem spacing variation, it is acknowledged that additional
patterns, such as random or staggered arrangements, could further broaden the findings.
Future work may explore these configurations to enhance the generalizability of the
results. Specifically, advanced computational studies incorporating multi-patch
configurations and staggered arrangements would be particularly valuable for
establishing more comprehensive design guidelines.
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Notations

fi density distribution function
e; discrete velocity

v kinematic viscosity

u velocity

W width of vegetation patch

H water depth

d diameter of stem

dx streamwise spacing

ox non-dimensional streamwise spacing
Fr Froude number

Cd drag force coefficient

T relaxation time

w; weighting factor

p density

c lattice speed

L length of vegetation patch

@ averaged solid volume fraction
h height of stem

dz spanwise spacing

0z non-dimensional spanwise spacing
Re channel Reynolds number

Cl lateral force coefficient
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