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Abstract: Natural rivers typically consist of a deep main channel and one or two adjacent floodplains.
During flood events, water overtops the main channel into the floodplains, creating complex hydraulic
interactions between these regions. Vegetation is a key factor influencing flow resistance, velocity
distribution, turbulence structure, and momentum exchange in compound channels. The presence of
vegetation on floodplains increases their roughness relative to the main channel, intensifying velocity and
momentum differences between the two regions. This leads to an increased transverse velocity gradient and
generates apparent shear stress at their interface. While previous studies have mainly focused on vegetation
in either the floodplain or the main channel separately, in natural rivers vegetation often exists
simultaneously in both regions. Therefore, the novelty of the present study lies in investigating the
simultaneous presence of rigid vegetation in the center of the main channel and on the floodplain, along
with a detailed analysis of the vertical velocity distribution. The main objective is to evaluate the effect of
this simultaneous vegetation on flow velocity using the FLOW-3D numerical model at three relative depths
0f 0.15, 0.20, and 0.25 m.
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Introduction: Compound channels represent a common hydraulic configuration in natural river systems, consisting
of a deep main channel flanked by one or two adjacent floodplains. During high-flow events such as floods, water
overtops the main channel and spreads across the floodplains, generating complex hydraulic interactions between these
two distinct regions. These interactions are characterized by significant differences in flow velocity, momentum
transfer, and turbulence characteristics. Vegetation is widely recognized as one of the most critical factors influencing
flow resistance, velocity distribution, turbulent structures, and momentum exchange in compound channels (Tsujimoto
& Kitamura, 1992; Tang & Knight, 2009; Hamidifar et al., 2016).

Previous research has consistently demonstrated that vegetation substantially reduces flow velocity within vegetated
zones while simultaneously redistributing momentum toward adjacent non-vegetated regions (Kang & Choi, 20006).
This redistribution of flow alters the transverse velocity gradient and generates apparent shear stress at the interface
between the main channel and the floodplain. However, the majority of existing studies have primarily concentrated
on vegetation located exclusively in either the floodplain or the main channel, without considering their simultaneous
presence. In natural river environments, vegetation commonly exists concurrently in both regions, leading to more
intricate and complex flow interactions that remain poorly understood.
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Although Wang et al. (2022) investigated the influence of floodplain vegetation in compound meandering channels,
the present study fundamentally differs from their work in several key aspects. These differences include channel
geometry (straight versus meandering), vegetation characteristics (rigid and flexible with specific mechanical
arrangements versus generalized vegetation), and a detailed vertical velocity profile analysis employing an S-shaped
approach. Furthermore, this study investigates diverging compound channels with mobile beds, a condition rarely
addressed in prior research.

Consequently, the primary research gap lies in the absence of a comprehensive investigation into the simultaneous
effects of rigid vegetation with defined longitudinal and transverse spacing on flow hydraulics, particularly concerning
detailed vertical velocity distribution in diverging compound channels with mobile beds. The main objective of this
study is to evaluate the simultaneous effect of rigid semi-submerged vegetation, located at the center of the main
channel and on the floodplain, on flow velocity distribution using the FLOW-3D numerical model at three relative
depths of 0.15, 0.20, and 0.25 m.

Materials and Methods: In this study, the hydraulic behavior of flow in a compound channel with rigid semi-
submerged vegetation was investigated using numerical simulation. The FLOW-3D computational fluid dynamics
(CFD) model was selected due to its robust capabilities in free-surface tracking through the Volume of Fluid (VOF)
method, simulation of vegetation as porous obstacles, local mesh refinement, and advanced turbulence modeling. The
governing equations of fluid motion, comprising the continuity equation and the Navier—Stokes momentum equations,
were solved using the finite volume method. The free surface was modeled using the VOF technique (Hirt & Nichols,
1981). For turbulence closure, the RNG k-¢ model was employed, as it provides superior performance for flows
characterized by high strain rates and separation zones around vegetation stems (Kang & Choi, 2006; Razavi, 2023).

The geometric configuration of the compound channel was adopted from the experimental study of Trevor (2010),
conducted in the hydraulic laboratory flume at Loughborough University. The main channel has a width of 0.12 m,
while each floodplain is 0.15 m wide, resulting in a total flume length of 12 m with a longitudinal bed slope of 0.001.
Vegetation was represented by rigid cylindrical elements placed simultaneously at the center of the main channel and
on the floodplain areas. In the main channel, seven rigid cylinders with a diameter of 0.05 m and center-to-center
spacing of 0.50 m were used. For the floodplain, cylinders with a diameter of 0.006 m and spacing of 0.048 m were
employed.

The computational domain was discretized using four structured mesh blocks, with local mesh refinement applied
around each vegetation stem to enhance accuracy. Boundary conditions included a velocity inlet at the upstream
boundary, a pressure outlet at the downstream boundary, no-slip walls with wall functions, zero pressure at the free
surface, and a no-slip condition at the bed with a roughness height of 0.001 m. The numerical solution was considered
converged when normalized residuals decreased below 10~ and velocity variation at a monitoring point (x = 7.35 m)
over 500 time steps was less than 1%.

Model validation was performed by comparing simulated depth-averaged velocities with laboratory measurements
from Trevor (2010), showing good agreement with a mean square error (MSE) of approximately 0.024. A grid
independence study was conducted with three mesh resolutions, revealing a relative error of 2.3% between the medium
(378,000 cells) and fine (650,000 cells) meshes. Following validation, simulations were carried out for three relative
flow depths of 0.15, 0.20, and 0.25 m to analyze longitudinal velocity distribution and depth-averaged velocity across
the compound channel.

Results and Discussion: The numerical simulations conducted using the FLOW-3D model revealed substantial effects
of rigid semi-submerged vegetation on flow velocity distribution within the compound channel. The simultaneous
presence of vegetation in both the main channel and floodplain significantly increased hydraulic resistance and
fundamentally modified the velocity field throughout the entire channel cross-section. Velocity contours obtained from
the simulations clearly indicated that vegetation elements acted as physical flow obstructions, effectively reducing
longitudinal velocity in the vegetated zones while simultaneously redirecting flow toward less resistant adjacent areas.
This observed behavior is consistent with the findings previously reported by Kang and Choi (2006), who documented
similar redistribution patterns in vegetated compound channels.
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The results demonstrate that vegetation caused a substantial reduction in flow velocity within the main channel across
all three relative depths examined. Compared with the non-vegetated condition, the average longitudinal velocity in
the main channel decreased by approximately 59% at a relative depth of 0.15 m, 58% at 0.20 m, and 55% at 0.25 m.
This notable reduction occurs because the rigid vegetation elements increase both drag forces and turbulence intensity,
effectively dissipating kinetic energy and decelerating the flow within the vegetated region. The observed decrease in
velocity reduction with increasing relative depth, declining from 59% to 55%, can be attributed to the reduced relative
roughness effect as water depth increases, a finding that aligns well with Wang et al. (2022), who reported a 55-60%
reduction range.

In striking contrast to the main channel behavior, the presence of vegetation actually increased the flow velocity in the
floodplain region. When vegetation is simultaneously placed in both the main channel and floodplain, the hydraulic
resistance created in the central channel redirects a portion of the flow laterally toward the floodplain areas. As a direct
consequence, the velocity in the floodplain becomes significantly higher compared to the case without vegetation.
Analysis of the dimensionless velocity revealed that the velocity at relative depths of 0.20 m and 0.25 m was
approximately 1.08 and 0.94 times the velocity observed at the relative depth of 0.15 m in the floodplain region. This
flow redirection is physically explained by the principles of conservation of mass and the pressure gradient established
between vegetated and non-vegetated zones.

The physical mechanisms governing these observations can be explained through two primary processes: (1) drag
force generated by vegetation stems converts kinetic energy into turbulent kinetic energy and heat, thereby reducing
mean velocity, and (2) increased shear stress at the interface between vegetated and non-vegetated zones enhances
lateral momentum exchange. This lateral momentum exchange becomes more pronounced as vegetation density
increases, which aligns with the findings of Hamidifar et al. (2016).

Depth-averaged velocity analysis further confirmed that vegetation strongly alters the distribution of flow energy
across the compound channel. The interaction between the main channel and floodplain becomes more pronounced as
vegetation increases flow resistance, thereby enhancing lateral momentum exchange between these regions. A
quantitative comparison with previous studies demonstrates that the present results fall within the range of previously
reported values (Kang & Choi, 2006: 20-30%; Wang et al., 2022: 55-60%). These findings collectively demonstrate
that vegetation plays a critical role in controlling flow patterns in compound channels and must be carefully considered
in hydraulic design and flood management studies.

Conclusion: This study investigated the effect of rigid semi-submerged vegetation on flow velocity distribution in
compound channels using the FLOW-3D numerical model. After successful validation against experimental data,
simulations were conducted at three relative depths (0.15, 0.20, and 0.25 m). The results demonstrate that vegetation
significantly reduces flow velocity in the main channel while increasing velocity in the floodplain region. The average
reduction in longitudinal velocity within the main channel reached 59%, 58%, and 55% at the respective relative
depths. Conversely, flow velocity in the floodplain increased due to flow redistribution caused by vegetation resistance.
Dimensionless velocity analysis showed that floodplain velocity at relative depths of 0.20 m and 0.25 m was
approximately 1.08 and 0.94 times the velocity at 0.15 m depth. Overall, the presence of rigid vegetation significantly
modifies the hydraulic behavior of compound channels by altering velocity distribution and flow interaction between
the main channel and floodplain. These findings highlight the importance of considering vegetation effects in hydraulic
modeling, river engineering design, and floodplain management, contributing to improved understanding of vegetated
flow systems.
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Table 1 The number of computational cells for each mesh

block.
Block Number of
Block . . .
. . dimensions computational
specifications
(meters) cells
5.000 % 0.306 x
Block 1 0.100 54,000
5.000 x 0.306 x
Block 2 0.100 378,000
2.000 x 0.306 x
Block 3 0.100 21,600
5.000 x 0.020 x
Block 4 0.081 197,202

2

Fig. 1 Flow flume of the Hydraulic Laboratory at
Loughborough University (Sun, 2007).
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Fig. 2 Cross-section of the flow flume at the Hydraulic
Laboratory of Loughborough University (Sun, 2007).
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Fig. 3 Comparison of numerical and experimental results of
depth-averaged velocity across the channel width for a

relative depth of 0.25.
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Fig. 4 Side view of the simulated bed and vegetation
model.
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Fig. 5 Contours of longitudinal flow velocity in the compound channel for a relative depth of 0.15. (a) Entire channel, (b)
Vegetated region.
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Fig. 6 Contours of longitudinal flow velocity in the compound channel for a relative depth of 0.20. (a) Entire channel, (b)
Vegetated region.
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Fig. 7 Contours of longitudinal flow velocity in the compound channel for a relative depth of 0.25. (a) Entire channel, (b)
Vegetated region.
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Table 2 Comparing the results of the present study with previous studies

Speed reduction

Type of Vegetation . R Speed increase in Relative depth
Research . . in the main . o
vegetation location channel (%) Silabdasht (%) (m)
Kang & Choi . .
(2006) Rigid Floodplain 20-30 - 0.10-0.30
Tang & Knight . .
(2009) Rigid Floodplain 25-35 - 0.15-0.35
Hamidifar et al. . .
(2016) Rigid Floodplain 30-40 - 0.15-0.30
Wang et al. - Main Channel and
(2022) Rigid Floodplain 55-60 5-10 0.15-0.25
- Main Channel and
The present study Rigid Floodplain 55-59 8-10 0.15-0.25
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Fig. 8 Effect of vegetation presence on longitudinal velocity at the center of the main channel: (a) relative depth 0.15, (b) relative
depth 0.20, (¢) relative depth 0.25, (d) comparison of the effect of relative depth.
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Fig. 9 Imensionless parameter of longitudinal flow velocity in the main channel. (a) Relative depth 0.15, (b) relative depth 0.20,

(c) relative depth 0.25, (d) comparison of the effect of relative depth.
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Fig. 10 Effect of vegetation presence on the distribution of longitudinal velocity in the floodplain: (a) relative depth 0.15, (b)
relative depth 0.20, (c) relative depth 0.25, (d) comparison of the effect of relative depth.
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Fig. 12 Comparison of the effect of vegetation on depth-averaged velocity across the cross-section of the compound channel: (a)
relative depth 0.15, (b) relative depth 0.20, (c) relative depth 0.25, (d) comparison of the effect of relative depth.
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