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ABSTRACT

This study employed numerical simulations to investigate the three-dimensional hydrodynamic structure of a channel obstructed by sub-
merged rigid canopies. After validating the model using existing experimental data, a series of numerical experiments varying the canopy den-
sity and the blocking ratio were conducted. The results indicate that submerged canopy, different from emergent canopies, triggers the
generation of three-dimensional coherent vortices. When canopies expand laterally, the scale, location, and evolution characteristics of cross-
sectional secondary flows vary. The direction of secondary circulation at the canopy top of the fully covered vegetation channel is affected by
the river width/depth ratio. Three-dimensional coherent vortices are jointly controlled by vertical and transverse Reynolds stresses. When the
channel is seriously blocked, the degree of momentum exchange in the mixing layer does not change significantly. The boundary friction
effect dominates the momentum exchange process near the wall. An equation coupling the drag length scale and blocking ratio with the verti-
cal coherent vortex penetration length is proposed, indicating that the penetration length increases exponentially with both variables. Higher
canopy density exhibits a stronger resistance to the vertical coherent vortex penetration length. In the process of canopy lateral expansion,
the evolution time of the outer vortex to scale stability is longer than that of the inner vortex. The significance of research on the three-
dimensional vortex structure of rigid submerged vegetation is established based on previous studies and existing conclusions.
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I. INTRODUCTION

Riparian vegetation typically plays a crucial role in the restoration
and stability of river ecosystems, the rehabilitation and protection of
river channels, and water resources management." ~ The obstruction
caused by vegetation affects the natural flow structure of the river
channel, resulting in reduced dispersion of pollutants.l"’ Moreover, the
presence of emergent or submerged vegetation proved to strongly
impact the sediment fluxes and, thus, the morphodynamics evolution

channel morphodynamics. For submerged vegetation, coherent
vortex structures coexist in different dimensions.” Consequently, the
lateral expansion of canopies can indeed lead to changes in both lateral
and vertical vortex structures. Lateral vortices typically form at the
edges of vegetation patches, and there is generally no significant differ-
ence between emergent and submerged vegetation in this regard.
However, the vertical vortices are unique to submerged vegetation and

play a crucial role in controlling the vertical momentum and mass
13,14
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of a natural channel.”” In natural context, vegetation coverage can
vary in time and space, especially on river banks or floodplains.””
However, the spatial and temporal variability of vegetation is influ-
enced by factors such as hydrology and climate, which can lead to
varying degrees of channel obstruction.”’

The unevenness of emergent vegetation, partially obstructing the
channel, has been extensively studied and linked to the main hydrody-
namic features (secondary flows and coherent vortices), as well as river

exchange processes.

When water flows over the submerged canopy top, it experiences
strong shear forces, leading to the occurrence of pronounced Kelvin-
Helmholtz instability near that location. Furthermore, the instability
induces large-scale vortices that rotate along the vertical direction.”
Subsequently, this phenomenon is commonly referred to as vertical
coherent vortices. The distance from the canopy top to the bottom of
the vertical coherent vortices, where these vortices partially penetrate
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into the vegetation, is known as the vertical coherent vortex penetra-
tion length. Similarly, coherent vortices can also form near the lateral
boundaries of the vegetation region.'” Ghisalberti and Nepf'~ sug-
gested that the size of the vertical coherent vortices grew downstream
and the penetration length of these vortices increased significantly after
the occurrence of Kelvin-Helmholtz instability, under the influence
of the surrounding flow. However, the study did not specifically
address the impact of the lateral expansion of canopies on the behavior
of the vertical coherent vortices. Nepf et al.'® proposed a formula for
predicting the vertical coherent vortex penetration length in flexible
vegetation and conducted experimental validation. They identified sev-
eral factors that influence the penetration length. So far, the impact of
the blocking ratio on the generation and evolution of vertical coherent
structures has not been thoroughly investigated. A detailed description
of these processes and the effect of lateral canopy expansion is one of
the main purposes of this study.

Consideration of cross-sectional secondary circulation structures
is still limited compared to the three-dimensional coherent vortices
generated by water flow over the top and lateral edge of the canopy,
especially in the context of changing the blocking ratio. Choi and
Kang'’ simulated the flow structure in partially vegetated channels
and explored the effects of canopy density on the evolution of second-
ary flows. Secondary flows have a significant impact on the transport
processes of pollutants and sediments in rivers, which is comparable to
the influence of three-dimensional coherent vortices.'* Shi et al."” con-
ducted simulations to investigate the secondary flow structures in nar-
row open channels under the influence of submerged vegetation. They
suggested a correlation between the circulation patterns and the dis-
tinctive S-shaped velocity profiles. Moreover, the connection between
secondary flows and coherent vortices is still an open question.

Nepf and Vivoni”’ defined the distance between the vertical loca-
tion where the Reynolds stress decays to 10% of its peak and the can-
opy top as the penetration length .. Nepf et al.'® proposed a formula
for predicting the flexible vegetation penetration length,

d. 0.23%0.06
WS Cuah =
44
where Cyah = 0.1-0.23, indicating that the canopy-scale vortices pene-
trate the canopy completely. However, when Cjah values are larger,
the generated vortices do not fully penetrate the canopy. Ghisalberti
and Nepf’ proposed that the significant mass and momentum
exchange in the mixing layer near the canopy top generates coherent
vertical vortices that penetrate into the vegetation region. These vorti-
ces can be defined by the longitudinal velocity distribution (see Fig. 1).
To further control variables for subsequent analysis, we propose
to use the velocity distribution at the midpoint of the current vegeta-
tion region as the standard for determining the location of vertical
coherent vortex generation. Thereby consistency can be ensured and
variables can be analyzed in a more targeted manner.

II. METHODOLOGY
A. Numerical model

We implemented a specific three-dimensional hydrodynamic
solver, namely Nays CUBE, which allows for a detailed description of
the secondary flows by implementing different turbulent closure mod-
els. This hydrodynamic solver has been successfully applied to river
applications, e.g., to study the morphodynamics and local scour
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FIG. 1. Characteristic velocity and length scales in a central vegetation region.
AU=U(Z,) — U(Z;), where U(Z,) and U(Z,) are the low- and high-stream veloci-
ties, respectively. U(z) — U(Z;) = 0.1AU. ¢ = h - Z, where h is the canopy height.

dynamics”' or the three-dimensional flow structures in a realistic case
study.” In particular, we implemented the RANS equation approach
using a second-order k-epsilon model. The governing equations of the
model are given as follows:

Continuity equation,
oU;
——=0 2
o 2
where x; is the spatial coordinates and U; is the time-averaged velocity
components.

Momentum equation,

OU (UL o 1(Op LY, o(=ulw) L2
ot ox ¥ pl\ow T ox; Ox;0x;
3)

where p is the fluid density, g is the acceleration of gravity, p is the
pressure, —u;’ uj’ is the Reynolds stress tensor, Fdri is the resistance
force component (F,, F,, F.) induced by the vegetation per unit volume
in the x, y, and z directions, respectively, and d;; is the Kronecker sym-
bol. The drag force term is modeled by employing the quadratic fric-
tion law,

; 1
Fclir = Eandbeuh/ujuj, (4)
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where u; is the velocity components, C, is the stem drag coefficient,
b, is the effective stem width (i.e., diameter of a cylinder), and # is the
stem density. C, in the present simulation is taken as 1.5, in Sec. II B.
The equations of the k-¢ model are as follows:
k equation,

Ok OKG_ magQUi O (e NOKI s
ot Ox -y Ox;  Ox; | \ ok Ox; ’

where k is the turbulent kinematic energy, ¢ is the dissipation rate of
turbulent kinematic energy, and v, is the turbulent kinematic viscosity
coefficient.

¢ equation,

%4_%7_ iﬁ%_i_i ﬂ_’_ ﬁ _ ﬁ (6)
ot Ox; I Oxj  0x; (ag V) Ox; 2

where the values of the model constants are, in general, o,=1.0,
0,=1.3,¢,,=1.44,and c,, =1.92.

The constitutive law of the nonlinear second-order k—-¢ model is
given as

2 k

—l/l,',l/l]', = l/tS,j — 3

1 1
+ o <Silslj - gskmsmk(si]') +a (QilQlj - ggkamk(sij):| ;

(7)
k2
Ve = Cu : ) (8)
o Cuo (14 5S> + a0 Q?)
B + cgeS? + CdQQZ + ¢450SQ + 451 S* + Cde4 + CdSmSZQZ ’

©)

oy = —0.1325f (M),
%y = 0.0675fy (M), (10)
%y = —0.0675fy (M),

1
M)=——"—— 11
SuM) = 5o (1)
M = max(S, Q), (12)
k /1 kK /1

U,  au; ouU; Ay
= R Y Tk B 14
S] 6.9(]‘ Gx,» J 8xj 8xi ( )

where S;; and Qj; are the strain tensor and the rotation tensor, respec-
tively. d;; is the Kronecker symbol. ¢,.p, Cus> Cu2s Cas> Cacrs Casrs Casts Caars
and ¢z, are the model constants.”

B. Flume and vegetation configuration

The main goal of the study is a numerical model investigation,
and the discussion and conclusion are based on numerical model
results. The experiments are used for validating the model."” The
dimensions of the numerical model are as follows: the vegetation
region length (L) is 2m and the width of channel (B) is 0.31 m. The
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wall roughness (w) is 0.03, and the bed roughness (n) is 0.02. The
model assumes a fixed bed configuration. The slope (S) of the channel
is set to 1/300. The flow rate (Q) is 50 m>/h, and the downstream water
depth (H) is 0.255 m.

In this study, rigid vegetation was used. The height (k) of the can-
opy is 0.15 m, and the canopy density a = nd = 5.56,2.78,and 1.39m ™',
equivalent to the number of plants per unit area (1) in the experiment is
1111, 556, and 278 m 2 under the vegetation diameter d=0.5cm,
respectively. All arrangement forms are uniform arrangement.

Vegetation growth is not limited to the vertical direction alone, it
also extends horizontally, thus variations in width should also be taken
into account.”* Green”** provided experimental support for three
vegetation blockage factors. The researcher determined blockage fac-
tors for up to nine cross sections at each station and developed an
empirical model for calculating flow resistance in channels with sub-
merged vegetation. Here, we only consider a series of effects resulting
from the lateral expansion of canopies. We introduce the concept of
blocking ratio (B,), defined as the ratio of the width of the vegetation
region (b) on the cross section of the water channel to the width of the
water channel (B). White and Nepf”’ conducted experiments in a
flume with vegetation arranged in a staggered equilateral pattern with
1/3 blocking ratio to assess the shear flow dynamics in the presence of
a porous layer. Ben Meftah et al.”* conducted flume experiments with
a blocking ratio of 3/4 to better understand the interaction between
flow behavior and canopy structure. Additionally, Yan et al.*’ used a
flume with a blocking ratio ranging from 1/3 to 1/2 to study the varia-
tions in velocity profiles between vegetated and non-vegetated areas at
different longitudinal adjustment distances. Therefore, The blocking
ratio B,=0.1, 0.25, 0.35, 0.5, 0.65, 0.75, 0.9, and 1.0 in this study. A
blocking ratio of 1.0 indicates that the water channel is completely cov-
ered by vegetation.

The average drag coefficient of vegetation is denoted as C; In
previous studies, numerous experts and scholars have conducted in-
depth research on C,;. However, estimating C; is often challenging and
can depend on various factors such as canopy density, Reynolds num-
ber, individual vegetation morphology, and so forth.”””' Raupach
et al.”” suggested that experimental evaluations should be utilized to
assess C;z. With the efforts of follow-up researchers, there are more
new understandings of C. Yan et al.”” conducted experiments using a
flume with submerged vegetation and suggested the drag coefficient C,
of 1.2 for the current vegetation conditions. They obtained good exper-
imental results using this C; value. Luhar et al.” summarized the
experimental results of Green,”” suggested that under the conditions of
a=0.1cm " and a canopy height 1 =10-50cm ™', a drag coefficient
C, value of approximately 1.0 is reasonable. Chen et al.”” investigated
the wake characteristics of individual cylinders with different shapes.
They found C, ranged from 1.2 to 4.5 for these shapes. Calvani et al.”®
investigated the stability of uniform flow on a non-erodible river bed
using a drag coefficient C, value of 2.0. Shi et al.'” carried out a narrow
open channel experiment with submerged vegetation using C;=1.4.
Finally, we believe that the influence of vegetation on flow structure is
beneficial for the progress of current research when C;=1.5. After
entering a vegetation region, the flow requires a certain distance to
adjust the drag forces exerted by the vegetation and reach a momen-
tum balance.” The threshold distance for this adjustment is typically
smaller than L, = (Cza) ™", also known as the drag length scale. In this
study, the drag length scale L, = 0.12, 0.24, and 0.48 m.
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In experimental studies involving vegetation flow, solid cylinders
are widely used to construct canopy models due to their simplicity and
ease of measurement (see Fig. 2). This model has been used to explore
the flow velocity and wake vortex structure and its effect on the deposi-
tion plrocess.35 7 Based on this vegetation model, Yan et al®® used the
improved Spalart-Allmaras turbulence model to study the coherent
vortex. In order to facilitate the description of the spatial location of
different characteristics in the channel clearly and concisely, the spatial
variation of vegetation in the transverse direction using the four zones
defined in Yan et al.”” for the flume cross section (see Fig. 3).

We impose periodic boundary conditions at the inlet and outlet
of the model domain. After performing a grid independence analysis
(see Appendix), we selected a mesh of 21 x 41 x 35 nodes (27 000
grid cells). To ensure the adequate development and stability of the
flow, the numerical model selects the flow direction measurement
location at 0.8L, which is close to the experimental position of
0.832L." According to the physical interpretation of the drag length
scale (Ca)™%, it is reasonable to investigate the structure of coherent
vortices at this location.”* Four longitudinal velocity measuring points
were placed in the middle of the vegetation region, the boundary of
the vegetation region, the middle of the non-vegetation region, and
the boundary of the non-vegetation region. The upstream inflow rate
is maintained at a constant value of Q=50 m>/h and the down-
stream water depth, H=0.255 m. Consequently, the flow structure
determines the cross-sectional average velocity U, = Q/(BH)
=0.176m’/s. The vegetation submergence ratio is maintained at a
constant value of H/h=1.7. The frontal area index, ).f: ah, can be
naturally obtained.”
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Reynolds number is used to indicate the fluid motion state.
White and Nepf”’ defined the array Reynolds number Re;= U,d/v
and the open channel Reynolds number Re, = U,d/v, where the U;
and U, are the mean velocities in the vegetation and the open channel,
to describe the significance of viscous stresses. In this study, the canopy
height Reynolds number Re, = U,h/v is used to represent the flow
state at that location, where U}, is the average velocity at the canopy
top. A series of parameters related to the research are listed in Table 1.
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FIG. 2. Two-dimensional flow structure in (a) a partially obstructed channel with a submerged canopy, plan view and (b) side view.
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TABLE I. Summary of numerical simulation runs.

Run Q (m’/h) H (m) Up (m/s) Re, N(m™?) a(m) B, Hih (Caa)™"

L1 50 0.255 0.176 13 109 1111 5.56 0.1 1.7 0.12

L2 50 0.255 0.176 18 232 1111 5.56 0.25 1.7 0.12

L3 50 0.255 0.176 19 426 1111 5.56 0.35 1.7 0.12

L4 50 0.255 0.176 21473 1111 5.56 0.5 1.7 0.12

L5 50 0.255 0.176 24 046 1111 5.56 0.65 1.7 0.12

L6 50 0.255 0.176 25363 1111 5.56 0.75 1.7 0.12

L7 50 0.255 0.176 26 524 1111 5.56 0.9 1.7 0.12

L8 50 0.255 0.176 25 387 1111 5.56 1.0 1.7 0.12

M1 50 0.255 0.176 16 216 555 2.78 0.1 1.7 0.24

M2 50 0.255 0.176 18 718 555 2.78 0.25 1.7 0.24

M3 50 0.255 0.176 20 334 555 2.78 0.35 1.7 0.24

M4 50 0.255 0.176 23513 555 2.78 0.5 1.7 0.24

M5 50 0.255 0.176 25410 555 2.78 0.65 1.7 0.24

M6 50 0.255 0.176 26 431 555 2.78 0.75 1.7 0.24

M7 50 0.255 0.176 27 260 555 2.78 0.9 1.7 0.24

M8 50 0.255 0.176 25222 555 2.78 1.0 1.7 0.24

S1 50 0.255 0.176 17 090 278 1.39 0.1 1.7 0.48

S2 50 0.255 0.176 19 618 278 1.39 0.25 1.7 0.48

S3 50 0.255 0.176 21930 278 1.39 0.35 1.7 0.48

S4 50 0.255 0.176 25016 278 1.39 0.5 1.7 0.48

S5 50 0.255 0.176 26 532 278 1.39 0.65 1.7 0.48 5

S6 50 0.255 0.176 27 348 278 1.39 0.75 1.7 0.48 5

S7 50 0.255 0.176 27 593 278 1.39 0.9 1.7 0.48 %

S8 50 0.255 0.176 24 830 278 1.39 1.0 1.7 0.48 ié
3

Il. RESULT non-dimensional longitudinal velocity for different values of B, are S

A. Numerical model validation

In order to validate the present numerical model setup, we repro-
duced one case (run L1) of the experiments presented in Yan et al.'”
Figure 4 shows the comparison between the numerical simulations
(solid lines) and the experimental measurements (markers) in terms of
vertical distribution of the longitudinal velocity. The performance of
the numerical model is fairly satisfactory. In fact, the majority of the
experimental data fall in the colored shaded band that represents the
+20% error. The mean squared error (MSE)=0.0036-0.0123 and
the root mean squared error (RMSE) = 0.0604-0.1107, both demon-
strating acceptable levels of error. Specifically, the simulation results
for the velocity in the middle of the non-vegetation region [see
Fig. 4(d)] exhibit the smallest errors (MSE=0.0036 and
RMSE = 0.0604). It is worth noting that the good agreement between
the numerical predictions and the experiments, especially in the vege-
tated region (MSE=0.0049 and RMSE=0.0699), suggests that the
numerical model can capture the turbulent characteristics of the flow.

B. Longitudinal flow velocity and turbulent kinetic
energy

In this section, we show the results in terms of the distribution of
longitudinal velocity and turbulent kinetic energy under different vege-
tation densities and coverage levels. Examples of vertical profiles of the

shown in Fig. 5. The profiles are extracted from different locations
within the domain, in particular, within the vegetation [Figs. 5(a)-
5(c)] and in the non-vegetated region [Figs. 5(d)-5(f)]. The typical
S-shaped profiles inside the vegetated area are recovered consistently
with previous experimental studies.”””"" Moreover, the presence of
an inflection point at the top of the canopies, i.e., for z =1, is observed
and follows the experimental findings reported by White and Nepf”’
and Nepf et al.'® This inflection point plays a significant role in pro-
moting the growth of Kelvin-Helmholtz vortices, as noted by
Rominger and Nepf.”* The lateral expansion of canopies compresses
the space in the non-vegetation region, thereby affecting the distribu-
tion pattern of the velocity in the middle. See the profiles shown in
Fig. 5 panels. When B,=0.1 and 0.25, the velocity distribution con-
forms to the logarithmic distribution form, but with the increase in B,
value, the S-shaped distribution of longitudinal velocity becomes more
obvious. This phenomenon may be attributed to the influence of
coherent vortices generated by the lateral expansion of vegetation.
From Fig. 6, it can be observed that for a lower blocking ratio
(B,=0.1), zone I exhibits a lower velocity, while the higher velocity is
mainly concentrated in zones II and III. When B,=0.25-0.75, the
higher velocity regions “intrude” into zone IV, leaving only zone I with
a noticeable lower velocity. In the study by Choi and Kang,'~ this
intrusion phenomenon was also observed. Finally, at a higher blocking
ratio B,=0.9-1.0, zone IV is influenced by the presence of the wall
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FIG. 4. Comparison of the vertical profile of the longitudinal velocity between the numerical simulations (solid lines) and the experimental observations (markers). z« = z/h, nor-
malized with canopy height. U* = U/U,,, normalized with cross-sectional mean velocity (Uy,). The horizontal fine line is the canopy top. (a)—(d) are different measurement posi-

tions, respectively.

and the lateral boundaries of the vegetation region. As a result, the
higher velocity regions shift upward to zones II and III. For the runs M
and S scenarios, a decrease in canopy density results in a weaker intru-
sion phenomenon, and the distribution of flow velocities in the cross
section tends to be relatively uniform. It can be easily observed that the
blocking ratio affects the velocity distribution pattern of the section,
while the vegetation density indirectly controls the velocity of the
whole section by directly controlling the velocity in the vegetation area.

We consider the regions (II and III) not directly affected by the
lateral expansion of vegetation as zone A, while the regions (I and IV)
directly influenced by it are considered as zone B. We quantify the
influence of vegetation lateral expansion on the cross-sectional velocity
using the discharge ratio (Q,) between the two zones. This method is
expressed by the following equation:

o _Ts,
Q  UpSs'

Qr (15)

As shown in Figs. 7(a)-7(c), both canopy density and blocking
ratio result in variations in the discharge ratio (Q,). We use the expo-
nential function to fit, and get an excellent fitting result (R* = 0.96-
0.97). Under a low blocking ratio (B, < 0.5), the relationship between
Q, and B, shows lower sensitivity to changes in canopy density, and
velocity changes tend to be within the layer (see Fig. 7). When the
channel exceeds the half-blockage state, the stratification phenomenon
is gradually affected by changes in canopy density, and velocity
changes tend to be interlayer changes.

Turbulent kinetic energy (k) is the energy of vortex motion in tur-
bulent flow. Due to the influence of canopy density and blocking ratio,
k exhibits significant temporal and spatial variations. As shown in
Fig. 8, k exhibits a distribution pattern that radiates from a central

point to its surroundings. This central point (k global maximum point)
is attributed to the coexistence of three-dimensional coherent vortices
(vertical and lateral)."” When B, = 0.1-0.5, the center point is located
near the canopy lateral edge. However, when B, = 0.65-1.0, the center
point shifts toward the canopy top. It appears that canopy density pri-
marily influences the magnitude of k, but it does not have a significant
impact on the distribution pattern. Compared with the lateral edge of
the vegetation region, the increase in the blocking ratio has a more
obvious effect on k at the canopy top. This phenomenon should be
due to the increase in the blocking ratio, which leads to the increase in
the contact area between the canopy top and the water flow, resulting
in a larger k. We can find some support in the phenomenon that the k
of the lateral edge of the vegetation region does not change signifi-
cantly with the blocking ratio (the contact area between the lateral
edge and the water flow does not change).

C. Turbulence anisotropy characteristics

We commonly use Reynolds stresses to represent turbulence
anisotropy. Herein, we analyze and evaluate turbulence anisotropy by
taking the difference between the vertical and lateral components of
Reynolds stresses.” As shown in Fig. 9, at the top and lateral edge of
the canopy, two different Reynolds stresses dominate and form two
circular distribution patterns with a central peak that attenuates
toward the periphery. This phenomenon is consistent with the obser-
vations made by Yan et al."” In different runs, the larger canopy den-
sity leads to a more obvious expression of turbulence anisotropy, but
there is no difference in the distribution pattern. As shown in Fig. 8,
the distribution pattern of kinetic turbulent energy directly reflects the
characteristics of turbulence anisotropy. Due to the coevolution of ver-
tical and lateral coherent vortices, turbulence anisotropy becomes a
significant factor influencing the turbulent field in partially obstructed
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channels with submerged vegetation.'” The present results suggest that
the blocking effect of the canopy induces a strong anisotropy of the
Reynolds stresses and, ultimately, triggers the generation of macro-
vortices able to modify the momentum exchange at the interface
between the vegetated and non-vegetated regions.

Jia et al." investigated the temporal variation of Reynolds stresses
at the canopy lateral edge. On the contrary, we mostly focus our atten-
tion on the spatial variation. When the canopy expands laterally, increas-
ing the blocking ratio, it is evident that the Reynolds stress at the canopy
top exhibits a stronger effect. As for the Reynolds stress at the canopy
lateral edge, its influence undergoes a process of initially increasing and
then decreasing in strength. Similar to the study by Yan et al,"” the influ-
ence of Reynolds stress at the boundary of the vegetation area also leads
to significant momentum exchange in the mixing flow process, and the
maximum momentum flux always overlaps with the canopy lateral
edge. Mixing flow also generates canopy-scale coherent vortices that
develop along the flow direction at the canopy lateral edge."’

Combining Figs. 8 and 9, we observe a close correlation between
the anisotropic characteristics of turbulence and its kinetic energy.
However, further studies are needed to establish the intrinsic relation-
ship between anisotropic characteristics and turbulent kinetic energy.
At least for low (B,=0.1) and high blocking ratios (B, = 1.0), the dis-
tribution patterns of both parameters are similar.

IV. DISCUSSION
A. Evolution characteristics of secondary flows

Vegetation exerts a noticeable resistance on water flow, leading to
the generation of secondary circulation. Nezu and Onitsuka' sug-
gested that the presence of vegetation in a flow field leads to the gener-
ation of time-averaged secondary flows due to the anisotropy of
turbulence. The blocking ratio plays a crucial role in controlling the
variation of the cross-sectional secondary flows. Ghisalberti and
Nepf'” suggested that the flow above the mixing layer is likely influ-
enced by the presence of secondary flows, making it challenging to
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describe using a simple one-dimensional flow momentum equation
$s= 615’;/ +1C4aU?. Due to the strong secondary flows induced by
vegetation in the upper portion of the mixing layer, a secondary flow
structure can also form in the free-surface region. Yan et al."” con-
ducted an in-depth analysis and discussion on the sectional circulation,
suggesting that the anisotropy of three-dimensional coherent vortices
generates the circulation, which controls the momentum of
convection.

As shown in Fig. 10, The obstruction caused by the canopy leads
to the generation of secondary flows at the canopy top, like the obser-
vations made by Nezu and Sanjou."’ Similarly, the secondary flows
also occur at the canopy lateral edge. The secondary flows induced by
the anisotropic vortex structures around the canopy, as mentioned by
Yan et al,,'” align with the secondary flows observed in this study in
terms of location and rotational direction. However, what differs is
that the secondary circulation structures generated at the canopy top
and lateral edge are more pronounced in this study.

For increasing the width of the vegetated region, the secondary
flows at the canopy top exhibits both lateral motion parallel to the veg-
etation and a tendency to sink into the interior of the vegetated region.
The scale of the secondary flows increases, and once B, > 0.5, the scale

stabilizes at a relatively fixed value. Indeed, this process is easy to
understand. With smaller blocking ratios, the development area for the
secondary flows is limited, which prevents it from reaching a fully
established scale. For the secondary flows at the vegetation lateral edge,
the widening of the canopy leads to a tendency for the secondary flows
to follow the boundary motion. As it approaches the opposite wall, the
overall structure enters the interior of the vegetation region. The can-
opy density has a certain influence on the distribution of secondary
flow. The secondary flow structure of run L8 is closer to the canopy
top than that of S8 in the vegetation region. The larger canopy density
can be used to inhibit the secondary flow structure to further invade
the vegetation area as an explanation. This phenomenon is also found
under other conditions of runs L and S.

Shi et al.'” found that on the submerged canopy lateral edge, the
vertical distribution of the secondary transverse velocity exhibits three
distinct sections at different heights. Our results seem to be in accor-
dance with the latter observation. We found that when the blocking
ratio B, =0.35-0.75, the vertical distribution of the secondary trans-
verse velocity consists of three distinct sections. (1) Near the free water
surface, z" = 1.3-1.7h, the transverse velocity can be ignored. (2) Near
the canopy top, z"=0.6-1.3h, the transverse velocity direction is
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parallel to the canopy top toward the outside of the canopy lateral
edge. (3) Near the bed, z* < 0.6 h, the transverse velocity direction is
parallel to the canopy top toward the inside of the canopy lateral edge.
However, when B, < 0.35 or B, > 0.75, the vertical distribution of the
secondary transverse velocity cannot be ignored at the free water sur-
face. Based on our findings, two-directional secondary circulation
structures occur near the two sidewalls of the free water surface. These
two secondary circulations also control the secondary transverse veloc-
ity at the free water surface.

Yan et al."' obtained consistent results with the secondary flow
direction near the free surface in their LES simulations of fully sub-
merged vegetation in open channel flow, thus confirming the validity
of our study. However, this phenomenon was not supported in the
study by Choi and Kang"” for flows with larger breadth-depth ratios.
Therefore, the breadth—depth ratio of the channel significantly influen-
ces the distribution pattern of secondary flows. Further research is

needed to determine the specific breadth-depth ratios that cause varia-
tions in the distribution pattern of secondary flows.

As shown in Figs. 5(a), 10(a), and 10(b), the velocity dip phenom-
enon' is observed when the canopy blocking ratio is low (B, = 0.1 and
0.25). In this case, the secondary flow structure near the free surface is
precisely intersected by the longitudinal Velocity passing through the
middle part of the vegetation area. Yan et al.'” proposed that the veloc-
ity dip is induced by the formation of secondary flows arising from tur-
bulence anisotropy.

B. Three-dimensional coherent vortex

Yan et al."” proposed that in studies on partially obstructed chan-
nels by vegetation, the main hydraulic process involved the generation
of three-dimensional coherent vortices at the canopy top and lateral
edge. The author also proposed a direct method to evaluate the
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stresses is simple to calculate and easy to understand. It provides a

straightforward indication of the relative importance of vertical and

dominance of coherent vortices by utilizing the ratio of vertical and

horizontal Reynolds stresses,

When the channel is completely blocked, R,;, tends to infinity,
indicating that it is solely dominated by the vertical Reynolds stresses

horizontal coherent vortices in governing the mixed flow dynamics.
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express this relationship (RP=0.91) [Figs. 11(c) and 11(d)]. The for- x10*
mation of horizontal coherent vortices has a certain spatial scale.”” 3.0
Therefore, an increase in the blocking ratio leads to the compression of

coherent vortices, which to some extent inhibits the dominant role of

horizontal coherent vortices. Instead, the vertically coherent vortices, 25k
which are less constrained in height, dominate the subsequent flow
mixing process. The simulated R,;, at the half-blockage (B,=0.5)
approximates 1 [Fig. 11(a)], which is consistent with the experimental

~

results under similar flow configurations (see Yan et al.'’) In more ,:2 2.0 1 7
detail, the differences in R,j, resulting from changes in canopy density
are not discussed in this paper. Considering only the variation in a sin-
gle flow rate might introduce interference and lack meaningful discus- sk \ \ o) -
sion. Therefore, the relationship between R,;, and canopy density in ’ Re, =1.19x10°5, +1.61x10 ® 556
various flow conditions, as mentioned in Yan et al.,,"” remains of signif- @ R*=0.80 o 278
icant reference value. A 139

The Reynolds number Rey, is commonly used to describe the flow 1.0 L L L L L
conditions of fluid in the canopy top. Figure 12 depicts the relationship 0.0 0.2 0.4 0.6 0.8 1.0
between the blocking ratio and the Reynolds number Rej,. Evidently, B,
B, and Re, exhibit a relatively simple linear relationship, indicating a
strong correlation (R?=0.80) in the linear function. FIG. 12. The depth-related Reynolds number.
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C. The structural characteristics of the mixing layer
and the characteristic scale of the vertical coherent
vortex

It is observed that when vegetation expands laterally, there are
significant changes in the longitudinal velocity pattern in the middle of
the vegetation region. These changes in velocity pattern indicate varia-
tions in the thickness of the mixing layer, ,,, which lead to changes in
the vertical coherent vortex penetration length.'” In general, the thick-
ness of the mixing layer can also be represented by the momentum
thickness () of the mixing layer,””

2 [1 (U - U>2
o= |3~
o |4 AU
where AU = U(Z,) — U(Z,), U = [U(Z) + U(Z1)]/2-

As shown in Fig. 13, the momentum thickness and the process of
the mixing layer increases with the increase in the blocking ratio.
There is a good nonlinear fit describing this trend (R=0.75). When
the channel reaches a state of severe obstruction (B, > 0.65), the
momentum thickness of the mixing layer approaches a constant value.
However, in the case of lower canopy density (a=1.39m™ "), there is
some fluctuation in the momentum thickness. This may be attributed
to the instability caused by weaker momentum exchange processes.
Additionally, based on the fixed penetration length depicted in
Fig. 14(a), it can be inferred that the variations in momentum thick-
ness are primarily influenced by the evolution of outer zone vortices.
Despite this, it may also be caused by low canopy density. As shown in
Fig. 14, using a similar method to analyze the relationship between B,
and R,;,, we assume that §, = o;51n (B,) + 5, where o5 and fi5 are
undetermined coefficients. A favorable correlation between ., and B,
under the influence of the dimensionless number Cgah (R?=0.87-
0.91) is obtained. The coefficients o5 and fi5 have a good linear
correlation. Without considering the influence of Cjah, the correlation
coefficient R = 0.89.

dz, (17)
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FIG. 13. The momentum thickness of the mixing layer under the influence of block-
ing ratio (B)).
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In the study conducted by White and Nepf”” on the growth of
the shear layer downstream of a baffle, it was observed that the
momentum thickness reached a relatively stable value after a certain
distance of development. In the study, the significant changes in
momentum thickness occur during the development stage of the vorti-
ces. Subsequently, with the vortex-induced entrainment of the sur-
rounding fluid, the vortices are influenced by momentum over larger
distances, leading to the growth of the mixing layer. Moltchanov
et al.”’ suggested that the complete development of the mixing layer
occurs at a position x = 9L-13L, behind the leading lateral edge of the
vegetation region. Therefore, based on existing knowledge, this paper
puts forward a hypothesis. Although vegetation obstruction can gener-
ate vertical coherent vortices, too low a blocking ratio leads to the vor-
tices being located too close to the wall. In this case, similar to the
near-bed momentum exchange process dominated by bed friction
effects mentioned in Yan et al,,'” the wall friction effect governs the
momentum exchange near the wall. As a result, the mechanism of
momentum thickness generation differs in this region compared to
areas with a higher blocking ratio.

Due to the significant difference in momentum thickness when
B,=0.1, 0.25, and 0.35, and the relatively minor impact of blocking
ratio variation on momentum thickness when B, = 0.5 and 0.65, the
drastic changes in momentum thickness are more likely to be attrib-
uted to the influence of sidewall friction effects, which are comparable
to bed friction effects. Nevertheless, further experimental investigations
are needed to validate this speculation. It is also a promising direction
to explore the influence of vertical coherent vortices on momentum
exchange processes in the context of lateral expansion of the canopy.

After undergoing sufficient development, coherent vortices typi-
cally exhibit noticeable periodicity in space. Meanwhile, the momen-
tum exchange reaches a relatively stable state. Furthermore, the vortex
size tends to be stable.' " Wang et al.** used DA-LES (depth-averaged
large-eddy simulation) to simulate the evolutionary characteristics of
the inner and outer vortex scales in the partially distributed canopy
flows, and found that the inner and outer vortices were controlled by
canopy density and other factors, and the development of the vortex
scales was highly asymmetric. Jia et al."’ found that the growth period
of the inner region scale (6;) of the coherent vortices is very short.
Even though the outer region vortices continue to evolve, the inner
region scale is not significantly affected. The fundamental reason for
this is the resistance caused by the penetration force of the canopy on
the vortices. Moreover, in the absence of sidewall effects, the inner
region scale is only influenced by the drag length scale.”’ Indeed, this
result provides further evidence to support the earlier assertion that
the evolution of outer region vortices leads to changes in momentum
thickness.

Compared to rigid emergent vegetation, submerged vegetation in
the form of a roughness layer exhibits discontinuities in depth. The
flow structure becomes three-dimensional. These differences in condi-
tions introduce vertical high-momentum exchange processes that are
absent in the case of rigid emergent vegetation. As shown in Fig. 14(a),
there is no significant change in the penetration length after partial
vegetation blockage. At this point, the scale is determined by the drag
length scale, L. Overall, it reflects the inhibitory effect of high density
and resulting high resistance on the vortex penetration. Under three
canopy densities (a =5.56, 2.78, and 1.39 mfl), the vertical coherent
vortex penetration length 6; ~ 2.50, 2.80, and 3.30, respectively. The
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FIG. 14. The vertical coherent vortex penetration length. (a) The relationship between B, and J,, (b) parameter correlation, and (c) and (d) are the relationships between the

actual o, and the predicted value of the fitted equation.

vertical dimension 6, ~ (6.3-7.0)0, (6.6-7.4)0, and (7.2-9.0)0, respec-
tively. Ghisalberti and Nepf'* demonstrated that for flexible vegetation,
when the mixing layer thickness reaches its maximum value, J, ~ 60.
For rigid vegetation, an approximation using the mixing layer thick-
ness resulted in 0, ~ (6.4-7.8)0. The present results are consistent
with previous studies. Indeed, we can discuss the reasons behind the
difference in vertical dimensions of vortices generated by rigid and
flexible vegetation. One reason is that flexible vegetation, due to the
occurrence of the “monami” phenomenon,” results in canopy geome-
tries that are not always favorable for the presence of current vortices.
However, vortices can always encounter the fixed drag geometry
responsible for their formation in rigid canopies.”’ Additionally, rigid
vegetation exhibits a faster momentum exchange process. Therefore,
the vertical coherent vortices in flexible vegetation are smaller at the
same mixing layer scale. As for the vortex penetration length of vorti-
ces, which is of greater interest to us, flexible vegetation is not highly
sensitive to canopy curvature.”® Consequently, we primarily focus on
the vertical coherent vortex penetration length in rigid vegetation.

We found that the vertical coherent vortex penetration scale is
jointly controlled by C,ah and B, (see Fig. 14). Of course, other factors
cannot be ruled out, but the following equation can still be used to
describe the penetration scale controlled by the above two variables:

Se = (0.055%0.0028)(Cgah) 021 =005 g (0:40220057) (5 < ) (18)

The fitting result with R?= 0.83. The notion is that the blocking
ratio and drag length scale have a significant impact on the vertical
coherent vortex penetration length. We found that although the
change in the blocking ratio has a stronger influence on the penetra-
tion scale of the vertical coherent vortex, B, can only be valued between
0 and 1, and canopy density has more flexibility in this regard.
Although the variation of vertical frontal area is not addressed in this
study, in natural environments, C; does not maintain a constant value
in the vertical direction, and the variation of C; with vertical frontal
area significantly affects the structure of the flow,”>”” which in turn
alters the penetration scale of the vertical coherent vortex. Equation
(18) does not apply to the above case, but the authors believe that
Eq. (18) is still formally intuitive, even when the condition of C, varia-
tion is taken into account. This requires further subsequent verification.

V. CONCLUSION

Vegetation growing in river channels is usually not static, as its
growth and proliferation are accompanied by changes in flow struc-
tures. Many studies have focused on cases where the width of the
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vegetation region remains constant. However, the lateral expansion of
canopies significantly affects the structure of cross-sectional secondary
flows and the development of three-dimensional coherent vortices.
Therefore, relying solely on existing research is insufficient to fully
uncover the range of impacts vegetation has on water flow structures.
To fill this gap, this study aims to investigate a series of variations in
flow structures when vegetation expands laterally. Additionally, the
study will incorporate the effects of canopy density changes and com-
prehensively consider the influence of channel blockage on flow struc-
tures. By varying the canopy density and blocking ratio, this study has
designed 24 different runs, encompassing a wide range of situations.

Significant secondary flows and lateral velocities are generated at
the canopy top and lateral edge. Changes in the blocking ratio strongly
influence the behavior of secondary flows. At the vegetation region
edges, the secondary flows exhibit three different forms of lateral veloc-
ities near the free surface, canopy top, and bed. In the fully submerged
canopy channel near the free surface, it was observed that the distribu-
tion pattern of secondary flows is influenced by the breadth-depth
ratio of the channel.

Three-dimensional coherent vortices are influenced by vertical
and transverse Reynolds stresses. We have observed an exchange in
the dominant role of the two Reynolds stresses during the lateral
expansion of canopies. This change trend can be reasonably described
by an equation with a high coefficient of determination (R*= 0.87).
The Reynolds number, Rey, characterizes the flow state at the canopy
top. The lateral expansion of canopies shows a strong linear relation-
ship with the Reynolds number, Rej,, with a high coefficient of determi-
nation (R? = 0.80).

The momentum exchange process in the mixing layer signifi-
cantly increases with the lateral expansion of canopies at lower block-
age levels. However, when the channel reaches a state of severe
blockage, the momentum thickness approaches a constant value. We
believed that the boundary friction effect plays a dominant role in the
momentum exchange process near the wall, leading to distinct
momentum exchange near the wall compared to other locations. This
explanation finds strong support in the observation that the momen-
tum thickness approaches a stable value when B, > 0.5.

Rigid vegetation exhibits faster momentum exchange compared
to flexible vegetation. Additionally, submerged vegetation exhibits ver-
tical coherent vortex characteristics that emergent vegetation cannot
demonstrate. Based on the previous findings, we have derived a rela-
tionship equation [Eq. (18)] that couples the vertical coherent vortex
penetration length with the blocking ratio, and it exhibits a good fitting
accuracy (R° = 0.83). With variations in blockage, the vertical coherent
vortex penetration length shows a similar trend to the changes in the
momentum thickness of the mixing layer, but the overall trend is not
as extreme. The outer vortex will continue to evolve after the inner
vortex reaches a stable state. High canopy density exhibits resistance to
the penetration behavior of vertical coherent vortices. Indeed, the verti-
cal scale and vortex penetration length have been validated by previous
studies, providing ample justification for researching rigid vegetation.
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APPENDIX: GRID INDEPENDENCE ANALYSIS

In this study, we analyzed the independence of the four num-
bers of grid cells, as shown in Fig. 15. When the grid cells are less
than 27 200, the simulation accuracy of the non-vegetated area is
more sensitive to the influence of grid size. When the number of
grid cells is larger than 27200, the range (R)=0.0003, 0.0066,
0.0024, and 0.0019, as y/b=0.5, 0.9, 1.1, and 1.5, respectively. It can
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FIG. 15. Grid independence analysis. RMSE is the root mean square error between
the numerical simulations and the experimental results under corresponding grids.
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be clearly observed that there is almost no change in the RMSE at
the same location. Further increase in grid cells has a limited effect
on the simulation accuracy of the numerical model and also signifi-
cantly improves the computational time, so 27 200 computational
grid cells are used in this study, ie., a grid corresponding to
21 x 41 x 35 nodes. Intriguingly, we can also find that the numeri-
cal model used in this study has a lower simulation accuracy near
the interface between vegetated and non-vegetated areas than at
other locations, a result that is consistent with the description of the
lower accuracy near the interface in the main text.
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