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Abstract: Aquatic vegetations widely exist in natural rivers and play an essential role in the evolution of the water environment and
ecosystem by changing the river’s hydrodynamic characteristics and transporting sediments and nutrition. In reality, most aquatic
vegetations are highly flexible, which invalidates the “rigid-cylinder” assumption widely adopted in many literatures. To explore the
dynamics of submerged flexible vegetation in open-channel flows and its feedback to turbulent flow structures, numerical simulations
are carried out using an in-house fluid-structure interaction (FSI) solver. In the simulations, the geometry of vegetation plants is
grid-resolved, the turbulent flow is simulated using the large eddy simulation (LES), the dynamics of the flexible plants are solved
using the vector form intrinsic finite element (VFIFE) method, and the turbulent flow and the plants are two-way coupled using the
immersed boundary (IB) method. The dynamic responses of the flexible vegetation with different plant flexibility, spacing, and
submergence are investigated. Simulation results show that flexible plants are subjected to complex flow-induced vibrations (FIVs)
rather than static bending. The FIV involves both streamwise and cross-flow motions driven by the small-scale vortex shedding around
the plants and the large-scale Kelvin-Helmholtz (K-H) vortices developed in the vegetation canopy layer. The vegetations exhibit
pulsive wave motion of different patterns in relatively long and narrow open channels. Compared with the open-channel flows with
static plants with equivalent bending deformation, the dynamic responses of flexible plants may increase the turbulent Reynolds stress

of the open-channel flow by 70%-100% and increase the invasion depth of the K-H vortices by 30%-50%.
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Introduction

As widely existing in natural rivers, aquatic
vegetation significantly impacts energy transport and
the material cycle in the estuarine ecosystem' .. The
influence of submerged or emergent vegetations on
open channel flows is extremely complex. By simpli-
fying the vegetation plants as rigid cylinders, several
theories for the vegetated flow have been developed,
e.g., the vertical flow velocity profile partition and the
wake vortex shedding model behind cylinders, etc.” .
Such theories significantly add to our knowledge on
the flow resistance in vegetated channels on both
micro and macro scales etc.

However, rigid vegetations are scarce in nature.
The vast majority of vegetations are flexible, e.g.,

Young’s modulus of a kind of kelp is 1.2x10” N-m "},
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and that of seagrass can even reach 2.4x10° N-m™(**),

The motion of submerged vegetations significantly
changes the flow structures in open-channel flows,
thus influencing the sediment movement and water
body exchanges. Therefore, flexible plant models with
real flexibility can better reflect the dynamic charac-
teristics of the vegetations. Only quite limited studies
have focused on the influence of plants’ flexibility on
the flows!""'?. Recent research implies that the
flexibility of plants significantly affects the flow
profiles and the invasion depth of Kelvin-Helmholtz
(K-H) vortexes into vegetation patches. The maximum
turbulence energy occurs near the crest and trough of
the bed and around the top of the vegetation patch,
where the relative flow velocity is large. Further
confirming these conclusions, Huai et al.'"”! found that
the dominant dimensionless frequency was surpri-
singly invariant at around 0.027 despite large
differences in vegetation densities for the preset water
depth. On the other hand, the impact of the flow on
the vegetation dynamics has also been noticed. Luhar
and Nepfl'! predicted the deformation of flexible
plants based on the balance of forces, including the
flow inertia force, the gravitational force, and the
restoring force due to vegetation deformation and
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buoyancy. The deformation of the flaky and flexible
vegetation subjected to outer flow is mainly affected
by the Cauchy number and the ratio of gravitational
force to the restoring force. Silva-Leon and
Cioncolini"* found that the deflection angle of vege-
tation plants decreases with the increasing Reynolds
number, followm% a sigmoidal trend. Besides, many
other studies'" investigated the motions of
two-dimensional flexible vegetations or 3-D flaky
flexible vegetations with a different configuration of
plants. It was widely found that the motion of plants is
highly influenced by the Reynolds number based on a
characteristic length of the plant height, the non-
dimensional bending stiffness, and the mass ratio.
Various modes of dynamics are reported for a single
plant, including the static, flapping, chaos, and
lodging modes. These modes are also observed in the
dynamic responses of two- and multiple-plant
dynamic systems. In addition, the two-plant system
also demonstrates a cavity oscillation mode when the
non-dimensional bending stiffness is high while the
multiple-plant system further shows complex waving
modes including the Monami phenomenon.

Despite the valuable insight gained in these
studies, understanding the dynamics of flexible
vegetations in turbulent open-channel flows is still far
from complete. These studies either focused on the
turbulent flow over and through rigid vegetations or
investigated the dynamic motions of a small number
of vegetation plants, making it hard to analyze the
vegetated flow or the large-scale vegetation waves. A
big challenge lies in the fact that to accurately
simulate the complex interaction of turbulent flow and
flexible vegetation plants requires extremely fine grids
resolving the plant’s geometry. Such numerical
simulations are very time-consuming, and we are not
aware of any simulations of these kinds have been
performed. In this study, a series of numerical
simulations are carried out to explore the dynamics of
submerged flexible vegetations in the open-channel
flow and their feedback on turbulent flow. Based on
the simulation results, the effects of the plant
flexibility, spacing, and submergence on dynamic
responses of the flexible vegetation are investigated.

1. Methodology

1.1 Fluid-structure interaction (FSI) solver

With the great advances in computer technology,
large eddy simulation (LES) has been widely applied
to the numerical simulations of the flow around bluff
bodies and advancing the understanding of flow struc-
tures and three-dimensional coherent structures''*?"1,
The application of LES in the open-channel flow past
submerged circular plants gradually plays an

increasingly important role®*>*.

In LES, the fluid motion is filtered into two parts,
which are resolved by the transient, spatially filtered
continuity equation and Navier-Stokes equations, and
the sub-grid scale model, respectively. The spatially
filtered governing equations for incompressible fluid
flow are:

2—
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where u, is the velocity component (i, j are the

tensor indicators), ¢ is the time, x, represents the

three directions of the Cartesian coordinate system ( x,
y and z ), p 1is the pressure, p 1is the fluid
density, f denotes the body force including the
force due to the immersed boundary, v 1is the
kinematic viscosity includes the molecular and eddy
viscosities and 7, is the sub-grid stress tensor,
representing the influence of the filtered small-scale
turbulent structure on the large-scale. The sub-grid

model used in this paper is the Smagorinsky eddy
viscosity model*”!

™ = 2p(C,A) |S|S, += Tkk5 2)

where C, is the Smagorinsky constant ( Cg =0.1

for the current study), A is the filtering scale
selected for LES, the magnitude of the strain rate

|§| - (Zi/i/)l/z >

resolved scale and 5,./.

§U. is the rate of strain tensor for the

is the Kronecker delta.

The finite volume method is used for spatial

discretization, while the second-order Adam-
Bashforth scheme is applied for time marching.
Vegetation plants are modeled as flexible

cylinders, and the dynamic responses of these plants
are simulated by using the vector form intrinsic finite
element (VFIFE) method. Based on the point value
description and the vector theory, the VFIFE method
has apparent advantages in simulating flexible
structures’ nonlinear or discontinuous dynamic beha-
viors. According to the point value description method,
the structure is discretized into a certain number of
nodes. The motion of each node satisfies Newton’s
second law, and the differential equations of transla-
tion and rotation of the node are:

mi+ami=F, [§+al0=M (3)
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where m and [ are the mass and inertia moment

matrix of the node, respectively, X, X and 9, g
are the velocity, acceleration, angular velocity, and
angular acceleration of the node, respectively, o 1is
the structural damping coefficient, while F and M
are the resultant force and moment. The force F 1is
the sum of the external hydrodynamic force and the
internal forces from the solid elements. An explicit
iterative-based central differential scheme is used to
solve the governing equations. More details of the
VFIFE are referred to in the works of Shih et al.[26],
Ting et al.*2*].

The immersed boundary (IB) method is intro-
duced to couple the fluid flow and structural
deformation by adding an extra body force to the
momentum equation. A Cartesian grid is used for the
flow solver, and the structure is represented by a
series of IB points. The extra body force is calculated
by satisfying the fluid-structure boundary conditions
on the IB points. Interpolation and extrapolation
functions are applied to exchange velocity and force
between the fluid grid and the IB points. The IB
method avoids the complex body-fitted grid and can
easily deal with the FSI problems with moving/
deforming structures®”). Readers are referred to our
previous works of Ji et alB% Chen et al.*'?? for
further details on the IB method.

In this study, the vegetation plant is simplified as
a slender cantilever rod which is further discretized
into a series of 3-D beam elements following the axis
of the plant. Then, IB points are generated based on
the coordinates and azimuthal angles of the elements
and the rod diameter to reconstruct the plant’s surface,
as shown in Fig. 1.

1.2 Validation cases

Two cases are adopted to validate the numerical
model. The first case is the deformation of a cantilever
plate under different uniformly distributed loads. The
deflection of the plate is compared with the theoretical
solution to investigate the effect of spatial discretiza-
tion. The parameters of the plate and the settings of
the validation case are shown in Table 1.

Immersed boundary points

Abstracted
columnar vegetation
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Table 1 Parameters of the plate and settings of the valida-
tion case of a cantilever plate

Parameter Value
Length, [/m 0.050
Width, b/m 0.010
Height, 4 /m 0.002

Density, p /(kg-m™) 678
Elastic modulus, E /Pa 5x10°
Poisson’s ratio, 0.4
Distributed load, 1x1072, 2x107%, 4x1072,
q /(N-m™) 8x1072,
Number of solid elements,
10, 25, 50

n

s

Modeled as a slender cantilever beam
consisting multiple particles in xcode

Figure 2 shows the relative error of the deflection
at the free end of the cantilever beam against grid
resolution with different distributed loads. It proves
the high accuracy of the adopted numerical methodo-
logy of the solid solver when the plate is discretized
with more than 25 elements.

25r —a—g=1x10"N/10’m

- o -q=2x10"N/10"m

2.0 --a- g=4x10" N/10°m

—v—- ¢=8x10" N/10°m
o\\o 1.5F

>§

<10
0.5k
OF

Fig. 2 (Color online) The relative error of the deflection at the
free end of the cantilever beam against grid resolution
with different distributed loads

To further verify the accuracy of the FSI model,
the deformation and fluid forces on the cantilever
plate in the open-channel flow are simulated following
the experiment of Luhar and Nepfl''l. The computa-
tional setup and boundary conditions are shown in Fig.

Constructed surface using
immersed boundary points

Fig. 1 (Color online) Schematic of the flexible plant model

Mass concentrated particles
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Fig. 3 Schematic of the computational domain and boundary conditions of a cantilever plate in the open-channel flow

Table 2 Parameters of the plate and settings of validation cases

Number of grids, ) ) 4

Case nxn,xn, Aspect ratio, b/ h Number of elements, 7, Inflow velocity, U_/(m-s™)
1 128x48x64 5 25 0.160
2 256x96x128 10 80 0.160
3 384x160x192 16 80 0.160
4 512x192x256 20 100 0.160
5 384x160x192 16 80 0.036
6 384x160x192 16 80 0.110
7 384x160x192 16 80 0.160
8 384x160x192 16 80 0.270

3. The parameters as listed in Table 2 are the same as o0

those adopted in the experiments of Luhar and
Nepf{”]

As shown in Fig. 4, when the number of grids is
higher than 384x160x192 and the element number is
larger than n_ =80, the relative errors 6 of w_/b,
F_ are less than 1%, which proves that the numerical
results are grid-independent. Here, w_ is the
deflections of the plate at the free end in the x
directions, and F, is the flow resistance of the plant.
As shown in Fig. 5, the simulated results of F show

good agreement with the experimental data, signifying
the high accuracy of the FSI model.

8r

Fig. 4 (Color online) The relative error of the deflection and
flow resistance against grid resolution

— Predicted forces for 0.05m blades"”
o Measured forces for 0.05m blades"” g
1200+ 4 Present
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Fig. 5 (Color online) Verification of the simulated fluid force
on the flexible vegetation against experiment data

2. Simulation cases

2.1 Computational domain and grid

The computational domain and plant arrange-
ment are shown in Fig. 6. The length (L), the width
(W) of the computational domain are 384d , 16d ,
respectively, with d being the diameter of the
cylindrical plant. Three values of the computational
domain height (H) are adopted to change the
vegetation submergence ratio. Up to 720 vegetation
plants, with a height of 104, are mounted on the bed
in a staggered arrangement. The spacing of the plants
is D, =4d-8d in the streamwise direction, D, =

2d -4d in the transverse direction. The periodic con-
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dition is implemented at the inflow and outflow
boundaries, with the non-slip rough-wall boundary
condition imposed on the bottom wall. The free-slip
boundary condition is prescribed on the two sides and
the top. By adding a streamwise body force, an
equivalent bed slope of S=4x10" is introduced
into the open channel, which drives the fluid flow. A
uniform mesh is adopted to discretize the
computational domain, and the grid size in three
directions is A=d/8 . The computational grid
amount ranges from 37 748 736 to 62 914 560 for
various cases.

685

2.2 Simulation parameters

According to the physical parameters of aquatic
vegetations measured by Luhar and Nepf{”], the
diameter of the cylinder is set as d =0.005m, the

cylinder’s height is /=0.050m and its density is

p=3x10’kg/m’. In the simulations, four different

stiffness ratios (denoted K1-4), four different poro-
sities (A1-4), and three different submergences (H1-3)
are considered. To compare with the flexible cases,
eight cases of rigid vegetations (R1-7, Rd) are
simulated with different bending postures, corres-
ponding to different equivalent stiffness ratios. Simu-

Fig. 6 (Color online) Schematic of the computational domain and vegetation configuration

Table 3 Simulation parameters for vegetations with different characteristic properties

Planting Nu?.nfber gf;g:slsg Spacing, ~ Submergence, Stiffness ratio,

Cases Size, LxW xH SDpailgga plants, o > B ld_N - H K= 1 _ L}z
L w N /10°*N-m2 LW / Ca pr/)dl Ukt
A2HIK1 384dx16dx20d 6d x3d 288 4.90 0.469 2.0 0.044
A2HIK2  384d x16d x20d 6d x3d 288 9.60 0.469 2.0 0.087
A2HIK3  384d x16d x20d 6d x3d 288 19.6 0.469 2.0 0.174
A2H1K4 384dx16d x20d 6d x3d 288 39.2 0.469 2.0 0.347
AIHIK2 384dx16dx20d 8d x4d 168 9.60 0.273 2.0 0.087
A3HIK2  384d x16d x20d 4d x4d 336 9.60 0.547 2.0 0.087
A4HIK2  384d x16d x20d 4d x2d 720 9.60 1.172 2.0 0.087
A2H2K2  384d x16d x16d 6d x3d 288 9.60 0.469 1.6 0.087
A2H3K2  384d x16d x12d 6d x3d 288 9.60 0.469 1.2 0.087
A2HIR1  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.001
A2HIR2  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.003
A2HIR3  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.010
A2HIR4  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.044
A2HIRS5  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.087
A2HIR6  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.174
A2HIR7  384d x16d x20d 6d x3d 288 - 0.469 2.0 0.347
A2HIRd  384d x16d x20d 6d x3d 288 - 0.469 2.0 -
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lation parameters are listed in Table 3.

3. Results
For convenience, the instantaneous value, the
time-averaged value, and the space-/plant-averaged

value of a variable x are denoted as x, X, <x>,
respectively. Following Etminan et al’*! two
reference flow velocities are defined in this paper.
One is the pore velocity U___, which is related to the

pore 2
time- and plant-averaged projection height <E> and
the spacing of vegetation, the other is the bulk velo-

city U, , which is the time- and space-averaged

flow velocity in the computational domain.
(1) The pore velocity

j <E’>(ﬁ(z)>dz /h,
U ore = . 2 (4)
P 1—(Nnd™ /4LW)
(2) The bulk velocity
_H <17(Z)>dz
Ubulk - J.o H (5)

where N is the number of vegetations, L, W and
H are the channel’s length, width and height, d is
the vegetation diameter and u(z) is the streamwise
flow velocity at a height of z.

3.1 Vegetation deformation under the force action of
fluids
Figure 7 shows the time history of the plant-
averaged non-dimensional projection height 4, // of

the vegetation plants at different values of the stiffness
ratio K . The projection height ranges from 0.62 for
highly flexible vegetations, to 0.98 for relatively stiff
cases. The larger the value of K, the larger the value
of h, /I, signifying that the vegetation deforms less.

Besides, the cases with larger stiffness ratios approach
their quasi-steady-state much faster than the highly
flexible ones. For all cases, the vegetations reach a
fully deformed state statistically within a non-
dimensional time around 150. The fluctuation of
projection height in highly flexible cases, A2H1KI,
A2H1K2, implies low-frequency oscillations and
retarded responses of vegetations after an immediate
action of fluid force at the beginning stage of the
simulation.

In all simulation cases, plants with relatively
large numbers, ranging from 168 to 720, are mounted
onto the bed in staggered arrangements. The periodic
boundary adopted in the streamwise direction further

expands the scope of the computational domain.
Under such conditions, the interior of the vegetation
can be regarded as a relatively uniform porous
medium, and the plants may bend in different
directions with different amplitudes dynamically.
Taking a snapshot of the simulated results, the average
deformation of plants in the streamwise/transverse

direction <5x>/|<5}_>| and the time- and plant-

averaged projection height <}_zv> can be worked out,

see Table 4. The streamwise deformation of the plants
ranges from 0.181/ to 0.704/ , which is around
16-35 times larger than the spanwise(cross-flow)
direction, namely 0.011/ to 0.024/ . Unlike the
cross-flow component, the streamwise deformation is
significantly influenced by the plants’ stiffness ratio
and the spacing between adjacent plants. When the
spacing decreases from cases AIHIK2 to A4HIK2,
namely the area-averaged distribution density of
plants increases by up to 4 times, and the plants’
streamwise deformation decreases by 29%, 51%,
respectively. Flow submergence depth has little
influence on the plants’ deformation, see cases
A2H1K2, A2H2K?2 and A2H3K2. Compared with the
streamwise deformation, the cross-flow deformation is
much less sensitive to stiffness ratio, plant spacing,
and submergence depth.

L1p

—A2HIK1 - = A2HIK2
---A2HIK3 -—--A2HIK4

<h>1"

0'50 100 200 300 400 500 600 700
tUsacd ™!

Fig. 7 (Color online) Time histories of the plant-averaged non-
dimensional projection height at different stiffness
ratios

Table 4 The average deformation of plants in the streamwise/
transverse direction

Case (2) D) (D.)/|(D.)]
A2HI1K1 0.704 0.020 34.93
A2H1K2 0.530 0.022 24.66
A2H1K3 0.321 0.018 17.74
A2H1K4 0.181 0.011 16.14
A1HIK2 0.646 0.018 36.55
A3H1K2 0.458 0.024 19.25
A4HIK2 0.317 0.022 14.45
A2H2K2 0.306 0.014 21.21
A2H3K2 0.361 0.018 20.09
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Under the force action of the fluid, all of the
vegetations are subjected to periodic oscillations with
complex modes. At an instanuous moment, the
bending state of one particular plant may be at any
random phase of the oscillation. Statistics of all of the
plants may smooth out such randomness. Therefore,
statistical analysis using the probability density curves
(PDC) is carried out for a snapshot of all of the plants
at a moment when the flows fully develop, see Figs.
8-10. For all of these figures, the variable N on the
vertical axis refers to the number of plants within a
specific range of deformations.

The streamwise deformations, D_, demonstrate

two-peak histogram distributions, see Fig. 8, which
are quite different from the centrosymmetric normal
distribution corresponding to uniform random num-
bers. This implies that the spatial distribution of the
plants’ deformations is not uniformly random. The
plants tend to be either highly deformed or weakly
deformed, with a much lower probability for the
transition status in between exhibiting medium
deformations. The first peak on the left is linked with
relatively smaller deformations of plants compared
with the second peak on the right side of the curve.
The height of the first peak almost doubles that of the
second peak. This means that more plants exhibit
relatively lower deformations, rather than highly de-
formed status corresponding to the second peak of the
PDC curve. Such probability distribution also implies
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that if the middle value is taken between the lowest
and the highest deformation, the estimation for plants’
deformation could be incorrect during flow-vege-
tation interaction analysis. This is especially true for
highly flexible vegetations, see Figs. 8(a)-8(c), when
compares with the relatively rigid vegetations, see Fig.
8(d).

The cross-flow deformations in the spanwise

direction, D,

demonstrate three-peak histogram
distributions, see Fig. 9. The distributions are centro-
symmetric in general, but also different from the
normal distributions. The highest peak of the PDC
sites in the middle, with two lower peaks on both sides
symmetrically. This implies that most plants are at the
medium status without obvious spanwise deforma-
tions. There are two relatively lower peaks symmetri-
cally distributed on both sides of the PDC, which
implies an equivalent chance for the plants to swing to
the left and the right side of the channel. With the
increase of stiffness ratio K, the range of plant
deformation decreases, and the secondary peaks
gradually approach the main. However, the distribu-

tion law of l_)x, l_)y and //_lv does not change with

stiffness ratio, and the streamwise deformation is
always stronger than that of the transverse direction.
The spanwise swing of the plants may lead to
increases in the obstacle area projected in the flow
directions and hence rises in flow resistances.

801 80
XD/
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Fig. 8 Histogram of the probability distribution for streamwise deformation of plants with various stiffness ratios
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Fig. 9 Histogram of the probability distribution for cross-flow deformation of plants with various stiffness ratios
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This tendency is consistent with the deformation dis-

the highest peaks site on the right side of the curve.
tribution described by the streamwise direction consi-

pringer

As

exhibits

h,,

two-peak histogram distributions, see Fig. 10. Unlike

Fig. 10 Histogram of the probability distribution for projection height of plants with various stiffness ratios
The projection height of the plants,

the PDC for the streamwise deformation, see Fig. §,



dering that the projection height is mainly caused by
the streamwise deflection. Larger deflections reflect
smaller projection height of the vegetations. Therefore,
the PDC for the projection height exhibits antisymme-
tric distributions compared with the streamwise defor-
mation.

To investigate the influence of distribution
density of vegetations on their deformation, simula-
tions with 4 different plant arrangements are carried
out. The spacing between plants is 8d x4d , 6d x3d,
4d x4d and 4d x2d , respectively. The occupied

areas per plant are 32d*, 184>, 16d*> and 8d*,
respectively. Taking the first case as a base, the
vegetation density increases to 177.8%, 200% and 400%
of the original in the following cases. See Figs. 11, 12
for the influences of vegetation spacing on the
cross-flow deformation and the projection height on
the PDC curve. It can be seen that with the increase of
the vegetation density, from case A1HIK2 to case
A4HI1K2, the plants’ deformation reduces at a magni-
tude of around 50%, which can also be seen in Table 4.
This implies that the jamming of the vegetations
restrains their oscillations when the spacing is rela-
tively small. When the vegetation density increases,
the secondary peak on the PDC curve gradually
moves towards the main peak, and the original
broadly distributed probability density, see Figs.11(a),
12(a), gradually concentrates to a relatively narrow
band, see Figs. 11(d), 12(d). This can be interpreted

250
200F DJI
— PDC
150F
=
100F
s0f

006 004 002 0 002 004 006
DI

2500 (a)AIHIK2

200}

150}

=

100}

y

D
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by the overcrowding of vegetation leads to strong
interference among plants and finally suppress their
free vibrations under the flow actions.

To investigate the influence of submergence
depth of vegetations on their deformation, simulations
with 3 different plant arrangements are carried out.
The water depth compared with vegetation height is
2.0, 1.6 and 1.2, respectively. See Figs. 13, 14 for the
influences of submergence depth on the cross-flow
deformation and the projection height on the PDC
curve. It can be seen that with the decrease of the
submergence depth, from case A2HIK2 to case
A2H3K?2, the plants’ deformation decreases in general.
Although the influence of submergence on the defor-
mation magnitude is less significant compared with
the plant stiffness ratio and spacing, the flatness of the
PDC curve for the cross-flow deformation and the
projection height is apparent. The distribution density
of the secondary peak increases statistically relative to
the main one with 7 decreases. This can be inter-

preted by the upper layer flow structures. For the
cases with large submergence depth, large vortex
structures, including the K-H vortex, may dominate
the deformation of the plants. Under the conditions, a
large group of plants may be subjected to the same
vortex actions and therefore exhibit similar deforma-
tions, which leads to a high peak on the PDC curve.
However, for the cases with small submergence depth,
there is no such vortexes exist and the plants’ dynamics
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Fig. 11 Histogram of the probability distribution for cross-flow deformation of plants with various spacings
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3.2 Fluid induced vegetation dynamics
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Fig. 13 Histogram of the probability distribution for cross-flow deformation of plants with various submergence

are mainly subjected to smaller flow structures rela-

tively uniformly distributed in the channel.
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vegetations not only exhibit deformation in the
streamwise and transverse direction, but also swing
and oscillates dynamics with time, namely at a status
of fluid-induced vibrations (FIVs). The FIVs of a
single-cylinder itself involves quite complex fluid-
structural interaction mechanisms, including vortex-
induced vibration, galloping and lock-in regimes, and
so on. Besides such cylinder-scale vibrations, uni-
formly distributed multiple vegetations demonstrate
complex channel-scale waving motions as well, see
Fig. 15.

Two different modes of waving motions are
observed in the simulations, namely the a mode, the
f mode. Here, the o mode is defined as the plants

swinging back and forth in the transverse direction,
which looks similar to the meandering flow in curved
river channels, see Fig. 15(a), while the £ mode

means that the plants alternately gather toward the
mid-plane and diverge to the sides, which looks like
the pulsive contraction wave along artery blood vessel
of human being, see Fig. 15(b). The substantial
mechanism driving such waving patterns is inferred to
need further investigations. According to our current
observations, due to the staggered arrangement of the
plants, there are large triangular gaps between the
sidewall and the adjacent three plants, as indicated by
the blue dotted area in Fig. 15(c). u,;, is the
velocity within the triangle area in the +Y , -V
direction at the same downstream position. The
movement of vegetation groups in the cross-flow

direction is closely related to the relative size between
+
tri 2

both sides (u

the same downstream position to move to one side, as
shown in Fig. 15(a). However, when the flow velocity

u-

tri

u,, U, . A noticeable difference in flow velocity on

+
tri

- .-
>u, or u, <u,) causes the plants at

tri

values on both sides are similar (u,; ~u,), the plants
will move closer to the middle if this velocity is large,
else, they diverge to the two different sides. Therefore,
the closer the plant is to the sidewall, the more
affected it is by the triangular gap, the larger its
deformation in both downstream and transverse
directions, and the lower the corresponding projection
height, resulting in the appearance of secondary peaks

in histograms. In general, both the o mode, the S
mode waving motions of the vegetations are linked
with the downstream traveling large vortex structures
in the open channel, which are generated by the
interaction between flow shearing and flexible
vegetation motions. The co-exists of the two modes
also imply that such vortexes have 3-D structures
rather than simple 2-D structures like the K-H vortex.
To describe the waving motion amplitude of the
vegetation groups in both the « mode, the S mode,

two characteristic parameters are defined: The instan-
taneous average deformation amplitude <Awﬂ>
represents the amplitude of the « mode, and the
average span in a moment <Bmol> is used to charac-
terize the amplitude of £ mode, see Figs.15(a),

15(b). The spatial and temporal histories of the
waving amplitude are shown in Fig. 16. In the contour
for the o mode, see Fig. 16(a), the red parts indicate

<Amol> >0, that is, a column of plants moving in the
+Y direction as a whole, while the blue parts are
opposite. Nevertheless, for the £ mode, the red in
the contour represents <Bmol> >0, this indicates that

the span of a column of plants increases in the
transverse flow, that is, these plants diverge to both
sides. By contrast, the blue parts in Fig. 16(b) show
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Fig. 16 (Color online) Spatiotemporal distribution of the plant deformation amplitude in cross-flow direction (A2H1K2)
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these plants moving towards the center. Oblique
stripes indicate that the @ mode, f mode of the

vegetation continuously spread downstream along the
flow direction over time.

Spectral analyses are carried out to investigate
the frequency feature of the waving motion of flexible
vegetations, see Fig. 17. It can be seen that the
primary and secondary frequencies of the « mode’s

amplitude <Av,col> are f,,=0270Hz , f, ,=
0.320 Hz, respectively. f,, is exactly equal to the
dominant frequency of the amplitude under S mode,
which shows that <Av,c01> is affected by both a mode,

£ mode motion. This provides further evidence that

the movement of plants in cross-flow is a superposi-
tion of the two periodic motions. In addition, there is a

second frequency f,;=0.256Hz in the frequency-
space distribution of <Bmol>, which is equal to the

first-order natural frequency fl* of the plant. What’s

. ok .
more, is also very close to f, , meaning that «

mode, B mode of vegetation movement in the

cross-flow direction are closely related to the nature of
the plant itself.
To further study the frequency distribution of

<By,c01> and the occurrence of another sub-frequency

S35, =0.384 Hz, it is necessary to consider the move-

ment of vegetation groups in other directions. In
addition, the projection height of plants decreases
significantly at the position it passes through due to
the continuous downstream transmission of the K-H
vortex, see Fig. 18. As a result, the projection height
of vegetation at different downstream positions may
also fluctuate to some extent. K-H vortex’s intensity
and traveling speed may change with time in the
propagation process, so the amplitude of vegetation
group fluctuation along the path will also change
constantly. Such vortex-induced waving motions are
usually named Monami phenomena, which are widely
witnessed in field observations.

The relationship between the frequency of the

K-H vortex f,, and the plant’s natural frequency

fl* is the key to affecting vegetation’s movement

under the action of water flows!®. The K-H vortexes

in the present simulation share a frequency of
Jxn #0.097 according to an estimation using Eq. (6).

This frequency is much lower than the first-order

natural frequency of the plant, which is f =

0.256 Hz. According to the results of Sundin and

Bagheri''®, if Jen < 1*, the vegetation will imme-

693

diately respond to the K-H vortex and interact with the
turbulent flows, and finally reach equilibrium. To
further analyze the movement rule of vegetation in the

height direction, <hv,col> is defined as the instan-
taneous projection height mean value of the same
column of vegetation referring <hv,col> , <By’ml>. The

spatiotemporal distribution and frequency distribution
of A2H1K2 are shown in Figs. 19, 20, respectively.
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Fig. 17 (Color online) Frequency distribution of the plant
deformation amplitude quadratic in cross-flow direc-
tion (A2H1K2)

- u
fo = 0.032(9j (6)

It can be seen from the above figures that, the
fluctuation of the projection height of plants also
propagates downstream, but multiple frequencies

dominate the change of <hv,col> at the same time. Still,

the dominant frequency indicates that the movement
of vegetation under £ mode in a cross-flow direc-

tion is affected by the projection height. In addition,
the first three frequencies marked by the black dotted
line on the left in Fig. 20(b) are 0.097 Hz, 0.256 Hz

and 0.320 Hz, which are consistent with f,,, f,
and fj,, respectively. These consistencies imply that

the fluctuation of the projected height of vegetation is
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at least simultaneously affected by the K-H vortex, the
nature of the plant itself, and the £ mode of

vegetation.

3.3 Turbulent flow structures influenced by flexible

vegetations

The turbulent flow structures in vegetated open
channels are influenced by the plants’ time-averaged
bending and the dynamic motion excited by flow
vortexes of various scales. To clarify the influence of
each factor, rigid vegetations with prescribed equiva-
lent bending are adopted in the numerical simulations.
Taking up-right vegetation (A2H1Rd) as an example,
it can be seen from Fig. 21(a) that the flow velocity
inside the vegetation is much lower than that in the
free water layer due to the water-retardation effect

from the vegetation. In addition, there is an obvious
inflection point in the vertical profile of mean velocity
near the top of vegetation (z//=1.0) and a back-

ward turn at the root of vegetation (z/l~008)

which may be caused by the horseshoe vortex**. This
implies that the velocity does not monotone increase
over depth as in well-known open channel velocity
profiles, vegetated flows may demonstrate a thin layer
of retarded flow with the lowest velocities in the
middle.

When the equivalent stiffness ratio K >0.174
(A2H1R6, A2H1R?7), the vertical distribution of the
average velocity is approximate to that of the up-right
vegetation through the bending of the vegetation

increases. But <L_l> /U, forvegetationat K =0.087
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Fig. 18 (Color online) The instantaneous plant morphology and velocity distribution within the local area (x/L =0.25-0.75)

of the vegetation (A2H1K2) (The positions of the same K-H vortex at different times are marked inside the red circle)
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Fig. 20 (Color online) Frequency distribution of the vegeta-
tion’s instantaneous projection height (A2H1K2)

(A2H1RS) approximates that of up-right plants but
increases in the free water layer. For A2HIRI-
A2HI1R4, it increases first, then decreases inside the
vegetation and increases significantly in the free water
layer with the lower equivalent stiffness ratio relative
to the up-right vegetation. In addition, with the

decrease of <}_zv> /1, the backward turn position of the
average velocity on the vertical distribution caused by
the horseshoe vortex decreases slightly but remains at
0.05<z/1<0.07.

The momentum exchange in the mixing layer can
be characterized by the Reynolds stress 7, = pm,

which represent the fluctuating streamwise and verti-
cal velocities, respectively. The time- and space-ave-

0.60
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(b) Turbulent Reynolds stress

Fig. 21 (Color online) Vertical distribution of flow structures
for rigid vegetation with different equivalent stiffness
ratios

raged non-dimensional Reynolds stress (?uw>/

p(AU)* in different cases is shown in Fig. 21(b), and
its absolute maximum value is listed in Table 5. It can

be seen from Table 5 that |<Tuw>/ p(AU )Z| increases

with the increase when K <0.174 or <l7v>/l<0.9
(A2HIR1-A2H1R6). However, when K >0.174 or
<l7v>/l> 0.9, (z_'uw>/p(AU)2| remains between 0.28,
0.37. As the water depth increases (see Fig. 21(b)),
|<z_'uw>/ p(AU )2| it increases rapidly within the

vegetation but decreases above the plants. Therefore,
the location of the transition can be used as a border to
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Table S Turbulent characteristics of rigid vegetated flow with different equivalent stiffness ratios

Case (h)11 z /1 (z..)/ pavy| 511 s, /{h)
A2HIRI 0.173 0.359 0.010 0.046 0.268
A2HIR2 0.262 0.469 0.017 0.124 0.472
A2HIR3 0.364 0.516 0.018 0.178 0.488
A2HIR4 0.600 0.703 0.026 0.299 0.487
A2HIRS 0.792 0.891 0.035 0.388 0.490
A2HIR6 0.881 0.953 0.037 0.411 0.467
A2HIR7 0.944 1.000 0.028 0.434 0.460
A2HIRd 1.000 1.047 0.034 0.463 0.463

201 i 2.0
! /)
—— A2HIR4 / —— A2HIRS 7
L5F —-—A2HIKI1 3 L5F —-— A2HI1K2 b

(b)

—— A2HIR7
—-— A2HIK4

<u>-U,,"

(©)

0.2 0.4 0.6 0.8 1.0
<u>-U,,"

(d)

Fig. 22 (Color online) Vertical mean velocity flow profiles in channels with rigid and flexible vegetations (The two curves in
each subplot shares the same bending, “R” refers to rigid, “K” refers to flexible case)

distinguish the vertical and horizontal exchange areas
within the vegetation. Nepf and Vivoni”” defined the

penetration depth §, of the K-H vortex as the

distance from the top of the vegetation to the border
between vertical and horizontal exchange areas. The

0, /<l_zv> of vegetation remains between 0.46-0.49

except the case at K =0.001 (A2HIR1).

The flexible vegetations are subjected to
complex FIVs rather than a steady bending, which
involves both streamwise and cross-flow motions, and
the deformation in the streamwise even reaches 36.55
times that in the cross-flow direction at case ATH1K?2.
The deformation of plants is intensified as the stiff-
ness increases but slightly when the spacing or submer-

gence gets greater. The higher the vegetations, the
larger the turbulent Reynolds stress of the open-
channel flow, which remains between 0.01, 0.37.

The dimensionless average velocity (z?)/Utop

of rigid vegetation with equivalent bending signifi-
cantly decreases within the vegetation but increases in
the free water layer when the stiffness ratio of the
plant meets K <0.044 at the same average

projection height (see Fig. 22, U, is the velocity at

the top of vegetation). The velocity gradient at the
inflection point with flexible vegetation is smaller
than that of the rigid case. This may be due to the
movement range of flexible vegetation being large
with a small stiffness ratio K , and the water structure
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of the free water layer intrudes into the vegetation
with the development of the K-H vortex so that the
free water near the top of vegetation is fully mixed
with water inside the vegetation, which is why this
area is called the mixing layer. While if 0.087 <
K <0.174, the <L_t ) /U, within the rigid vegetation
is significantly larger than that of the flexible vegeta-
tion but consistent in the free water layer. Therefore
the motion amplitude of flexible vegetation decreases
with the increase of K, reducing the influence of
vegetation motion on the free water layer. As K
continues to increase (K = 0.347), the motion ampli-
tude of flexible vegetation decreases further and the
(z?)/ U,, approximately equal with the two vegeta-

tions throughout the water.
The Reynolds stress, <?W>/ p(AU)* of turbu-

lent flows in open channels with flexible plants are
presented in Fig. 23, Table 6. It can be seen that when

the projection height is within 0.60<(h,)/1<0.95,
the dimensionless Reynolds stress and the intrusion
depth of the K-H vortex are around (z_'w> / p(AU)* =
0.052-0.067 , ,/(h)=0.60-075 respectively,

which increases by 70%-100%, 30%-50% compared
with the simulation results of rigid vegetation under

the same bending amplitude, which are <?uw>/
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1.5k . _ 5
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,/."4/'
_ A
~ 2
S LOf
.
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P(AUY =0.026-0.037, 8, /(h,)=046-049, res-

pectively. The movement of multiple flexible plants
significantly enhance the mixing in both the free water
layer and the vegetation layer. The Reynolds stress,

<?uw>/ p(AU) decreases by around 50% when the

spacing of flexible vegetation increases by four times
but increases by around 400% when the submergence
decreases by 40%. Therefore the change of
submergence has a more significant impact on the
mixing layer than the spacing. The K-H vortex

intrusion depth, &,/ <i_zv> decreases in general as the

spacing of vegetation increases, which may be
interpreted by the increased shielding effect of
vegetation on its interior when vegetation density
rises.

In summary, the wave motion of flexible
vegetation in open-channel flow exhibits o mode,
f mode, which affects the fluctuation of vegetation

with the K-H vortex and the nature of the plant itself.
Moreover, the instantaneous average deformation
amplitude of o mode is about four times larger than
that of f mode. Compared with the rigid bent-

shaped plants under the same bending amplitude, the
behaviors of flexible vegetation may increase
turbulent Reynolds stress of the open-channel flow by
70%-100% and increase the K-H vortex invasion
depth by 30%-50%.
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Fig. 23 (Color online) Vertical Reynolds stress profiles in channels with flexible vegetations
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Table 6 Turbulent characteristics of flexible plants under different working cases

Case (n)11 z /1 (7.)/ pavy 511 6,/ (h)
A2HIKI 0.613 0.766 0.053 0.449 0.732
A2HIK2 0.803 0.906 0.067 0.597 0.746
A2HIK3 0.921 1.000 0.062 0.629 0.683
A2HIK4 0.973 1.031 0.052 0.577 0.593
AIHIK2 0.698 0.812 0.086 0.515 0.739
A2HIK2 0.803 0.906 0.067 0.597 0.746
A3HIK2 0.842 0.953 0.059 0.617 0.733
A4HIK2 0.903 1.016 0.043 0.573 0.635
A2HIK2 0.803 0.906 0.067 0.597 0.746
A2H2K2 0.858 0.938 0.091 0.537 0.626
A2H3K2 0915 0.956 0.281 0.634 0.693

4. Conclusions

To explore the dynamics of submerged flexible
vegetations in turbulent open-channel flows and its
feedback to turbulent flow structures, numerical simu-
lations are carried out using a fluid-structure interac-
tion solver, which couples the LES model for
turbulent flow and the VFIFE method for flexible
solid via IB technique. Up to 720 shape-resolved
vegetations with different flexibility, spacing, and
submergence are simulated. Based on the numerical
simulation results, the main conclusions are as
follows:

(1) The flexible vegetations are subjected to com-
plex FIVs rather than a steady bending. The FIV
involves both streamwise and cross-flow motions
driven by both small-scale shedding vortex and large-
scale K-H vortex in the canopy layer. Under the
lateral restrain of channel side walls, such K-H vor-
texes exhibit obvious 3-D features. The streamwise
deformation is always stronger than that of transverse
direction, and their ratio is even up to 36.55.

(2) In relatively long and narrow open channels,
the vegetation group exhibits interesting pulsive wave
motions of different patterns, namely the «, S
modes. a mode is the serpentine wave motion of the
vegetation in the cross-flow direction, which is caused
by the high-velocity area at the gaps on both sides of
the wall. While £ mode is the periodic gathering-
diverging behaviors of vegetation. In addition, the
motion of the vegetation is a superposition of «
mode, £ mode, and the K-H vortex-induced fluctua-
tion. Moreover, the instantaneous average deformation
amplitude of a mode is about four times larger than
that of £ mode.

(3) Compared with the rigid bent-shaped plants

under the same bending amplitude, the dynamics of
flexible vegetation may increase turbulent Reynolds
stress of the open-channel flow by 70%-100% and
increase K-H vortex invasion depth by 30%-50%,
which implies that the FIV of vegetations leads to
higher flow energy dissipation and stronger turbulent
mixing.

(4) The Reynolds stress of the turbulent flow in
the open channel with flexible vegetations decreases
by around 50% when the spacing of adjacent plant
increases by four times. It increases by around 400%
when the submergence decreases by 40% from 2 to
1.2 times of the plant height. Reynolds stress is found
to be more sensitive to the submergence depth than
the distribution density according to present simula-
tions.
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