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ABSTRACT
In recent years, increasing attention has been paid to the ecological role of groyne fields as habitats for aquatic vegetation; however, knowledge
on interactions between vegetation and recirculating flow is still lacking, especially vegetation effects on large-scale coherent structures in the
mixing layer, which control the mass exchange between the side-cavity and the main channel. In this paper, the hydrodynamics of the mixing
layer in straight open channels without sediments in the flow, with consecutive groyne fields, of different vegetation densities, is investigated
both experimentally through particle image velocimetry and numerically through large eddy simulation. The results show that the presence
of plants rearranges the circulation systems in the groyne field, namely, from double gyres to a single gyre. With an increase in the vegetation
density, the exchange coefficient between the cavity and the main channel gradually decreases. Note that the exchange rate is calculated from
a newly proposed exchange layer, which is located away from the groyne tip. Based on the analysis of the Kelvin−Helmholtz eddies along
the shear layer, a phenomenological model is proposed for the evolution of coherent structures and the variations in flow hydrodynamics
associated with these eddies. Compared to the non-vegetation case, the presence of vegetation could suppress the evolution of coherent eddies
in the mixing layer, with a consequent effect on the flow hydrodynamics around the interface.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006317., s

I. INTRODUCTION

For many years, groynes have been constructed along river-
banks for a variety of engineering purposes, such as improving
navigation capacity, protecting banks from erosion, and promot-
ing sediment transport in the main channel.1–3 In recent years, the
ecological function of the lateral cavities between successive groynes
has received an increasing amount of attention. In these cavities, the
velocity magnitude is generally reduced to 25%–30% of the main-
stream velocity, and this can greatly accelerate sediment deposition
and increase the residence time of organic matters, thus creating a
favorable habitat for aquatic organisms.4–10

By considering the value of the aspect ratio κ = W/L, where
W is the length of the groyne and L is the distance between

successive groynes, the circulation pattern in the side-cavity can be
determined.4,11–15 When κ > 0.5, only a single circulation exists in
the groyne field. When κ < 0.5, there are two circulation structures
in the side-cavity: a primary gyre occupying most of the cavity and
a small secondary gyre located in the upstream corner. Typically,
the horizontal dimensions of the groyne field are much larger than
the corresponding mean water depth. Thus, the recirculating flow
in the side-cavity can be regarded as a two-dimensional motion,
exhibiting no variation with depth.16 However, the flow along the
interface between the cavity and the main channel is much more
complicated and possesses a pronounced three-dimensional char-
acter: for example, the fluid penetrates into the embayment region
mostly via the bottom layer of the downstream interface and escapes
from the embayment primarily through the top layer of the upstream
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interface.16–18 Essentially, the complexity of the flow in the mixing
layer can be ascribed to the shedding of Kelvin−Helmholtz eddies
from the tip of the groyne with a master frequency, which then ran-
domly merge with adjacent eddies, thus resulting in the formation of
large-scale coherent structures along the interface.19–25 Such large-
scale coherent eddies play an important role in promoting mass
exchange between the groyne field and the main channel through
the generation of periodic or quasiperiodic alternating positive and
negative fluctuations of the transverse velocity.15,26–33

The favorable conditions in groyne fields can promote the
establishment of plants such as reeds that can help to reduce the
eutrophication level of a river by absorbing dissolved nutrients and
by enhancing the deposition of sediments (possibly contaminated
with heavy metals) as a result of decreased circulation velocity, and
this is beneficial to restore the stream corridor.34–44 Therefore, it is
important to investigate the effect of vegetation on the flow hydro-
dynamics in the groyne field. It has been shown that the presence of
vegetation can rearrange circulation structures (e.g., from double-
circulation flow into slow backwater flow), reduce the turbulent
intensity in the cavity, and affect momentum and mass exchange
across the interface.18,37–39,45–47 Vegetated side-cavities in previous
studies can be summarized into two categories: the first kind, i.e.,
only a single vegetated embayment exists in the river18,45 and the
second kind, i.e., multiple groyne fields are constructed along the
riverside, and vegetation is assumed to be present in a single cav-
ity.37,38 As for the presence of vegetation in consecutive cavities, here
referred to as the third kind, it has not been investigated before.
Compared to the first kind, the streamwise distance in the third kind
is long enough to make the mixing layer reach a fully developed state.
For the second kind, the shear layer upstream of the focused region
is not affected by vegetation due to the absence of plants in upstream
cavities, which is different from the third kind. As the downstream
shear layer is generally affected by the upstream ones, the dif-
ference in upstream shear layers between these two kinds could
influence the flow hydrodynamics in the study region. Sukhodolov
et al.37,38 experimentally investigated the shear layer structure of the
second kind configuration and stated that further research of the
third kind should be addressed since it is more in line with the actual

situation. Furthermore, the vegetation effect on the development of
Kelvin−Helmholtz type coherent eddies has never been presented,
which plays an important role in the exchange process between the
cavity and the main channel.

The present paper focuses on the vortex dynamics of the mixing
layer in straight open channels with consecutive vegetated groyne
fields (third kind, no sediments). Taking account of the fact that
the growth level of plants has a strong seasonal dependence (with
a population density that is high in summer and low in winter), this
study considers consecutive vegetated cavities with varying popula-
tion densities of plants, using both laboratory experiments and the
large-eddy simulation (LES).

This paper is organized as follows. First, the experimental
approach using a two-dimensional particle image velocimetry (PIV)
technique is introduced in Sec. II. Next, the LES setup and the model
validation are presented in Sec. III. Subsequently, the mean flow pat-
terns inside the embayment, the exchange coefficient across a newly
proposed exchange layer, the coherent shedding eddies along the
interface, the hydrodynamics of the mixing layer, a phenomeno-
logical model for the evolution of the coherent structures, and the
discussion are presented in Sec. IV. Finally, the conclusions of the
study are summarized in Sec. V.

II. EXPERIMENTAL APPROACH
Laboratory experiments are performed in the State Key Lab-

oratory of Water Resources and Hydropower Engineering Science
at Wuhan University. The overall experimental system is shown in
Fig. 1. The open flume of the rectangular cross section is 20 m long,
1 m wide, and 0.5 m deep, with a 0.1% bed slope. The inflow with
clean water comes from a self-circulation system, which is com-
posed of pipelines, the underground storage, the pump room, and
the high pool. As the recirculating water is stored in the under-
ground water tank, the water temperature is relatively stable (about
25 ○C) over the course of the measurement. The discharge of the
inflow is controlled by an electromagnetic flow meter with a preci-
sion of 0.1 dm3. Honeycomb tubes are installed at the inlet of the

FIG. 1. Overall experimental system: (a) sketch in the horizontal plane and (b) a physical model.
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flume in order to stabilize and straighten the inflow.13 A tailgate
is located at the end of the flume to adjust the water level. Along
the left side of the flume (following the flow direction), 23 groyne
models, represented by rectangular elements with sharp corners and
hydraulically smooth surfaces (0.025 m in the streamwise direction,
0.2 m in the spanwise direction, and 0.12 m in the vertical direc-
tion), are equidistantly placed to create consecutive groyne fields.
These side-cavities are 0.5 m long in the streamwise direction and
0.2 m wide in the lateral direction (i.e., L = 0.5 m and W = 0.2 m,
with a fixed aspect ratio κ = 0.4), and the bottom of each cavity is
in the plane same as that of the main channel. Assuming geometric
similarity, straight bamboo sticks, each of diameter 2 mm and length
12 cm, are arranged regularly in the groyne fields to approximate the
rigid emerging vegetation (e.g., reed stems), in an approach simi-
lar to that of Xiang et al.18 and Sukhodolov et al.38 By adjusting the
distance Δ between sticks, it is possible to control the variation in
population density of plants. The vegetation density a is defined as
follows:48

a =
n

∑
i=1

Ai

Sh
, (1)

where Ai is the frontal area of a single vegetation element of height
h, S is the reference bed area of the side-cavity, and n is the number
of elements in the groyne field. A right-handed Cartesian coordi-
nate system is adopted, and the origin is set at the tip of the 13th
groyne (see Fig. 1). In this coordinate system, the streamwise veloc-
ity u is along the x-axis, the spanwise velocity v is along the y-axis,
and the vertical velocity w is along the z-axis that originates from the
riverbed and is directed toward the free surface.

Based on the results of previous studies,11,14,49,50 the inlet dis-
charge Q and the water depth H are fixed to 0.0126 m3/s and 0.08 m,
and the bulk mean velocity U = 0.197 m/s is constant in the main-
stream. The Reynolds number Re ≡ UR/ν = 13 000 and the Froude
number Fr ≡ U/√gH = 0.22. Under these hydraulic conditions,
the fluctuations of the free surface in the measurement region are
too small to influence the horizontal PIV measurements. As the
high vegetation density would shield the laser light sheet noticeably
and, thus, strongly affect the measurement accuracy, the experimen-
tal tests only include low vegetation densities (see Table I), with no
vegetation (case 1), with Δ = 30 mm (case 2), and with Δ = 25 mm
(case 3).

This study chooses the 13th groyne field and its adjacent main-
stream area as the measurement region, i.e., parts 1–4 in Fig. 1. The
distance between the measurement field and the inflow section is
about 8 m, which is nearly 100 times greater than the water depth,
ensuring totally developed turbulent flow around the side-cavity.15

Based on the results of Uijttewaal et al.,15 McCoy et al.,16 and

TABLE I. Characteristics of experimental cases.

Case Δ (mm) a (m−1) W (m) L (m) H (m) U (m/s) Re

1 . . . 0 0.2 0.5 0.08 0.197 13 000
2 30 1.92
3 25 2.66

Weibrecht et al.,32 the flow becomes practically periodic (over one
cavity length) after the first four to five cavities. The PIV technique is
adopted to measure the time-resolved velocity field in the horizontal
plane, collecting the x-direction velocity u and y-direction velocity v.
The plane at z = 0.05 m is chosen as the representative measurement
elevation to study the flow hydrodynamics around the side-cavity.14

A dual-chamber pulse laser (model YAG200-NWL) coupled with
a cylindrical lens is employed to generate a 2 mm thick horizontal
pulsed laser light sheet, which shines into the side-cavity from the
side of the glass flume. A high-speed charged-coupled device (CCD)
camera is located above the cavity to record the particle motion for
over 1000 double-frame images of 1600 × 1192 pixels with a spatial
resolution of 0.18 mm per pixel, and the time interval between each
snapshot is 200 ns. According to previous research, the vortex shed-
ding frequency is dependent on the channel Reynolds number19 and
it never exceeds 1 Hz in the range of Re from 8000 to 83 000,18,28,29,51

and then the sampling frequency of 5 Hz is adopted in this experi-
ment with Re = 13 000, which is high enough to detect the turbulent
feature of interest.

The time scaleΔt between pulses ranges from 1100 μs to 4500 μs
(i.e., the laser A is emitted at t1 = t0 and the laser B is emitted at t2
= t0 + Δt), where the short Δt is set for the high-velocity flow in
the main channel and the long Δt is for the low-velocity flow in
the cavity. In the commercial software Insight 4 G, double-frame
particle images are processed to obtain the time variation of the
instantaneous velocity fields. To avoid the wall-attached areas where
spurious vectors exist, the processing mask is designed to remove the
zones near groynes, and the vector local validation module with the
ability to delete the singularity is adopted for the area around straight
bamboo sticks. The background subtraction function is performed
for original frames in the pre-processing in order to output images
that are better suited for vector calculation.50 The PIV-algorithm
is based on a standard cross correlation via fast Fourier transfor-
mation between two images.50 The adaptive multi-pass algorithm
is adopted, through which the PIV field of view is initially divided
into 16 × 16 pixels interrogation windows and then further subdi-
vided into 8 × 8 pixel interrogation windows with 50% overlap in
each direction.32,50,51 Vector local validation and vector condition-
ing modules are adopted to filter out the spurious vectors and fill
the removed vectors through interpolation, respectively.30,31 Since
the range of each measurement domain is only about 29 × 22 cm2,
four adjacent time-averaged flow fields (parts 1–4 in Fig. 1) at the
same elevation are spliced together to form a large flow region of 50
× 40 cm2.13 Hollow glass beads, with the diameter ranging from
10 μm to 20 μm and density 1.05 g/cm3, are chosen as the tracer
particles, which show excellent flow properties.

The Peak Ratio (PR) uncertainty method in Insight 4 G is used
to estimate the uncertainty of PIV measurements. The PR method
incorporates many possible sources of error (e.g., particle seed-
ing density and pixel displacement), which assumes that errors in
pixel displacement follow a Gaussian distribution. According to the
uncertainty analysis of the mean measured velocities from multi-
ple samples,51 the uncertainty of PIV measurements is ±5% in the
present research. It should be noted that, in the preliminary exper-
iment, seven points [points a to g in Fig. 2(a)] at z = 0.05 m in case
1 are chosen as survey locations where the time-averaged velocity
ūPIV measured from PIV is compared with that from a portable flow
meter (PFM). Figure 2(b) shows the comparison of time-averaged
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FIG. 2. Comparisons of the time-averaged streamwise velocity at z = 0.625H between PIV and PFM: (a) sketch of the selected positions; (b) case 1.

streamwise velocities between PIV and PFM, together with the 10%
deviation of ūPIV , which exhibits a good consistency.

III. NUMERICAL SIMULATION
As the laboratory experiment only studies the cases with low

vegetation densities, we additionally perform the LES to investi-
gate the effect of high vegetation densities [Δ = 20 mm (case 4)
and Δ = 17 mm (case 5), Table II] in the groyne field, together with
low vegetation density cases (case 1–3) for validations. The details of
LES cases are summarized in Table II.

A. Model equations
Spatial filtering of the incompressible Navier–Stokes equations

gives the governing equations for the LES, i.e., the continuity and
momentum equations, as follows:

∂ũi
∂xi
= 0 (i = 1, 2, 3) , (2)

∂ũi
∂t

+
∂

∂xj
(ũiũj) = −1

ρ
∂p̃
∂xi

+
∂

∂xj
[υ(2S̃ij) − τij] , (3)

where the overbar represents resolved variables, ui (m/s) is the veloc-
ity component in direction i, ρ (kg/m3) is the density, p (N/m2) is
the dynamic pressure, υ (m2/s) is the kinematic viscosity, and Sij
= 1

2(∂ui/∂xj + ∂uj/∂xi) (s−1) is the strain-rate tensor. τij = ũiuj−ũiũj
(m2/s2) is the subgrid-scale (SGS) stress, representing the effect of

the unresolved small-scale motions on the resolved flow field, which
is determined from the following eddy-viscosity model:

τij − 1
3δijτkk = −υt(2S̃ij) , (4)

where υt (m2/s) is the eddy viscosity. In this study, the dynamic
Smagorinsky model proposed by Germano et al.52 is employed as the
SGS model to calculate υt , thus avoiding the problems of the earliest
SGS model, in which dissipation was over-predicted and the inverse
energy cascade was not taken into account.53

B. Simulation setup
The commercial software FLUENT (version 14.5) is used to

perform the LES in this study. The finite volume method (FVM)
is utilized to discretize the governing equations, and the pressure–
velocity coupling scheme is implemented by the SIMPLE method.
Bounded central differencing for spatial discretization is used to
solve the convection–diffusion equations, and a bounded second-
order implicit method is used for time-stepping.54 The solution is
iterated many times within a time step, and it is considered to be
convergent when the residual is smaller than 1 × 10−4.

The flow region around the 13th groyne field is taken as the
computational domain (see Fig. 3). A right-handed Cartesian coor-
dinate system is adopted here, the same as that in the experiment.
As mentioned in Sec. II, the flow could be regarded as periodic when
it arrives at the computational domain, and therefore, the periodic
condition is used at both the inlet and outlet.11,12,55 According to

TABLE II. Summary of numerical simulation cases.

Case Δ (mm) a (m−1) Time step (H/U) Grid number (×106) W (m) L (m) H (m) U (m/s) Re

1 . . . 0 0.006 25 19
2 30 1.92 0.005 25
3 25 2.66 0.005 30 0.2 0.5 0.08 0.197 13 000
4 20 4.32 0.005 36
5 17 6.16 0.005 38
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FIG. 3. Schematic diagram of the simulation domain: (a) view in the horizontal
plane and (b) sketch of the cross section.

Alfrink and Van Rijn,56 the rigid-lid approximation for the free sur-
face of an open-channel flow is generally acceptable for Fr < 0.5. In
this study with Fr = 0.22, the free surface can be treated as a rigid
lid. To reduce the computational resources, we only select 0.35 m,
i.e., 1.75 W, as the simulated width of the main-stream, which can

guarantee that the right boundary (along the flow direction) of the
simulated domain could not be affected by the cavity.11 A free-slip
condition is imposed at the right boundary, and no-slip conditions
are imposed on the walls and the surfaces of the vegetation.

For all the simulated cases, structured hexahedral grids are
employed to discretize the whole computational domain, and the
O-grid block method is used to model the rigid vegetation. Because
the mesh distributions in different cases are similar, only the grid in
case 4 (Δ = 20 mm) is described here in detail, as shown in Fig. 4.
For the LES technique, the mesh around the vegetation and walls
must be sufficiently fine to avoid any use of wall functions, i.e., the
near-wall region must be resolved.57 In our LES, the grid size near
the surface of the solid wall is close to one wall unit, i.e., y+ = 1.
At positions away from the wall, the maximum grid size reaches 15,
19, and 19 wall units for the x-, y-, and z-directions, respectively.
Totally, approximately 36 × 106 nonuniform structured grids are
generated in case 4 with a time step of 0.005 H/U. The grid infor-
mation for the other cases is summarized in Table II. For all the
cases, simulations are first running for 24 flow-through times until
the transients are eliminated, where one flow-through time is equal
to L/U, i.e., the time taken for the water to flow through one groyne
field length.11,12 Then, instantaneous flow fields are collected for a
time period of 32L/U, which is actually sufficient for the turbulent
statistic to achieve stationary statistical profiles.16

C. Model validation
Figure 5 compares the results of the time-averaged stream-

wise velocity ū (normalized by U) at z = 0.625H obtained from
the PIV and LES for cases 1 and 2. For both cases, the numerical
results show a good consistency with the experimental data, which
demonstrates the reliability of the LES. It should be noted that, in
the regions marked by the dashed red ovals, the flow velocity from
the LES is slightly larger than that from the laboratory experiments
(the maximum relative error is about 7%). The velocity offset might
come from the inlet condition. In our LES, the inlet flow rate is
prescribed by multiplying the simulated width by the bulk mean

FIG. 4. Computational mesh in case
4: (a) mesh around the vegetation; (b)
mesh near the wall.
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FIG. 5. Comparisons of the time-averaged streamwise velocity at z = 0.625H
between the PIV and LES: (a) sketch of the selected positions; (b) case 1; and
(c) case 2.

velocity U,11,12 thus magnifying the low flow velocity near the groyne
field, which causes the inlet flow rate in the LES to be slightly larger
than that in the laboratory experiment and eventually leads to the
velocity differences in the main-stream. When (y − y0)/W is larger
than approximately 0.4, the streamwise velocity becomes negative,
which indicates that a recirculating flow has existed in the groyne
field. Note that the velocity distribution in case 2 is fluctuating at (y
− y0)/W = 0.84, which is caused by the Kármán vortex street gener-
ated by the vegetation. The validations of cases 1 and 2 indicate that
the present LES is reasonable in modeling this kind of flow.

IV. RESULTS AND DISCUSSION
A. Flow pattern

Figure 6 shows the mean velocity vectors (ū, v̄) obtained from
PIV in the horizontal plane of z = 0.625H. When the vegetation den-
sity in the side-cavity increases, the double circulation system (i.e., a
large primary circulation accompanied by a small secondary circu-
lation) in case 1 develops into a single circulation structure in cases
2 and 3, which is consistent with the observations of Sukhodolov
et al.38 The similarity of flow patterns between these two kinds (the
second and third kinds) might be attributed to the fact that the flow
structure inside the groyne field is strongly affected by the vegetation
patches, and the effect of upstream and downstream vegetated cavi-
ties is small compared with the vegetation patches inside the groyne
field. This paper considers that the vegetation itself and its drag force
are the essential reasons for the transformation of the circulation
structure. First, the vegetation can block part of the high-velocity
jet-like flow attached to the downstream groyne into the side-cavity,
and the jet-like flow is regarded as the main driving force for the
primary circulation.16 Second, the drag force of the vegetation in the
inner embayment further reduces the momentum of the primary cir-
culation that is assumed to be the driving force for the secondary
circulation.58 As the combined result of these two effects, the pri-
mary circulation velocity in vegetated cases is too small to generate
a second gyre.

Figure 7 shows the stream-lines of the time-averaged flow field
from the LES at z = 0.625H. It is clear that different vegetation
densities can change the circulation system in the groyne field. In
Figs. 7(a), i.e., in the absence of vegetation, two gyres are observed in
the side-cavity, similar to Fig. 6(a). When the amount of vegetation
increases to the level of case 2, the space occupied by the secondary
gyre is clearly reduced [see Fig. 7(b)]. With a further increase in the
vegetation density, the secondary circulation disappears completely
[see Figs. 7(c)–7(e)]. Note that as the flow pattern changes, the center
of the primary gyre moves correspondingly. The center of the rotat-
ing stream-lines, marked by the red cross-hairs in Fig. 7, is defined
as the core of the circulation structure, referring to Jackson et al.51

It moves from the position (0.67L, 0.44W) in case 1 (taking the tip
of the upstream groyne as the origin), to (0.75L, 0.40W), (0.84L,
0.30W), (0.84L, 0.31W), and (0.87L, 0.26W) in cases 2–5, respec-
tively. The tendency of movement is downstream in the x-direction
and toward the interface in the y-direction.

To quantitatively assess the effect of vegetation on the cir-
culation structure, the distributions of mean streamwise velocity
along the y-direction at z = 0.625H are shown in Fig. 8. The veg-
etation clearly reduces the circulation velocity in the groyne field,
and the reduction effect is enhanced with an increase in the vege-
tation densities. The mean streamwise velocity in the primary gyre
of case 1 is about 19% of that in the main-stream. The spatial aver-

aged value is calculated as
n
∑
i=1
∣ū(xi ,yi)∣/n, where ū(xi ,yi) represents the

time-averaged velocity at different locations with the elevation of z
= 0.625H in the primary gyre. In case 3, the circulation velocity has
dropped to 0.13U owing to the presence of vegetation. When the
distance Δ between plants further decreases to 17 mm (case 5), the
circulation velocity reaches its minimum, 0.08U.

Figure 9 shows stream-lines of the mean flow at different cross
sections, where color-contours represent the resultant velocity of
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FIG. 6. Time-averaged two-dimensional velocity vectors at z = 0.625H from PIV: (a) case 1; (b) case 2; and (c) case 3.

v̄ and w̄, normalized by U. For all the cases, a pair of streamwise
secondary currents (i.e., the top secondary current and the bottom
one) is formed in the main-stream region immediately adjacent to
the cavity. These two secondary flows occupy nearly half the water
depth, and they are not vertically symmetric, with cores close to the
interface. This streamwise double-vortex system could lead to a heli-
coidal current when superimposed to the main-stream, thus affect-
ing the dynamic of sediment transport in this zone, as described by
Brevis et al.11

As for the secondary current in the groyne field, it barely exists
in the non-vegetation case, and stream-lines here are almost parallel
to the y-axis, probably due to the strong advective current between
the cavity and the main channel. With the increase in the vegetation
density, the advective motion is suppressed by plants, and the sec-
ondary current occurs inside the side-cavity, particularly evident in
case 5. However, the velocity magnitude of the internal secondary
current is too small to generate an effective flow in the z-direction.
Therefore, the recirculating flow in the cavity can be regarded as a
horizontal two-dimensional motion.

B. Exchange coefficient

Mass exchange between the groyne field and the main channel
plays an important role in the eco-environment of a river. On the
one hand, transfer of nutrients from the main-stream to the embay-
ment facilitates the growth of aquatic organisms in the side-cavity,
which can enhance local biodiversity. On the other hand, contam-
inants (e.g., polluted sediment) accumulating inside the cavity can
act as a source of pollution under flood conditions.59

Based on the relation between hydrodynamics and water qual-
ity, it is confirmed that mass exchange across the interface is essen-
tially determined by the corresponding momentum exchange. Fig-
ure 10 shows the mean velocity v̄ (normalized by U) from the LES
in different vertical slices near the interface. In cases with low vege-
tation density (cases 1–3), the flow enters the cavity mainly from the
downstream part of the interface, together with a few coming from
the bottom layer of the interface. The flow escapes from the cavity
through the upstream part of the interface. Note that as the vege-
tation density increases from case 1 to case 3, the inflow range and
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FIG. 7. Time-averaged two-dimensional stream-lines at z = 0.625H from the LES: (a) case 1; (b) case 2; (c) case 3; (d) case 4; and (e) case 5.

the entrance velocity in the downstream part gradually decrease as
a consequence of the blocking effect of the vegetation, as discussed
in Sec. IV A. In cases with a larger vegetation density (cases 4 and
5), the inflow across the full depth observed in cases 1–3 is no longer
present because the vegetation weakens the inflow to some degree

that it is unable to form a complete wall-attached jet-like flow. For
cases 4 and 5, the inflow toward the groyne field is primarily located
at the bottom layer of the interface, with the outflow toward the main
channel almost occupying the middle and top layers of the interface
beside the position of the free surface where the inflow occurs.
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FIG. 8. Mean streamwise velocity along
the y-direction at z = 0.625H from the
LES: (a) sketch of the selected posi-
tions and (b) mean streamwise velocity
distribution for different cases.

Through the momentum exchange process, materials such as
nutrients dissolved in the water are transferred between the cav-
ity and the main channel. To provide a quantitative evaluation of
the exchange efficiency across the interface, the concept of exchange
coefficient K (s−1) is defined as follows:15,27,29,49,58

K = HiĒ
HeW

, (5)

where Hi (m) is the water depth at the interface and He (m) is
the mean depth in the embayment. Ē (m/s) is the mean exchange
velocity across the interface, which can be obtained by averaging the
instantaneous exchange velocity E defined in Eq. (7). In this paper,
Hi and He are of the same value, equal to the water depth H of the
main-stream. Usually, K is normalized by the main-stream veloc-
ity U and the embayment width W, in the combination of U/W,
and thus, the new dimensionless exchange coefficient k is defined
as follows:60

k = K
U/W = HiĒ

HeU
= Ē
U

. (6)

According to the formula proposed by Weitbrecht and Jirka,61

the instantaneous exchange velocity E (m/s) is calculated as

E = 1
2Ai
∫
Ai

∣v∣ , (7)

where Ai (m2) is the area of the interface and v (m/s) is
the transverse velocity of an infinitesimal element dA of the
interface.

At this point, the dimensionless exchange coefficient k could
be found straightforwardly from the above-mentioned procedure.
However, a crucial question arises as to whether the chosen interface
[the first slice in Fig. 10(a)] can represent the true exchange layer. In
other words, is the exchange coefficient k calculated from the first
slice correct or not? Before answering this question, it is necessary
to further analyze the distribution of transverse velocity in Fig. 10.
From the flow field near the downstream groyne, an important detail
can be observed for all the cases: there is a thin layer of high-velocity
outflow adjacent to the groyne in the range from y = 0.35 m to y
= 0.358 m (as indicated by the green region), and when y > 0.358 m,
the inflow toward the cavity (orange) occurs. This phenomenon can
be explained through the sketch of the flow, as shown in Fig. 11. As
flow A from the main channel initially enters the groyne field, its
direction is inclined to the groyne, and then, the flow crashes vio-
lently into the groyne. After this crash, flow A separates into two
parts: flow B and flow C. Flow B, i.e., the inflow in the range y
> 0.358 m, develops into a wall-attached jet-like flow. Flow C, i.e.,
the outflow in the range y < 0.358 m, bypasses the tip of the groyne
and flows downstream. Thus, flow C does not actually participate in
mass exchange between the groyne field and the main channel, and
choosing the interface (i.e., the first slice in Fig. 10) as the exchange
layer leads to some error.
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FIG. 9. Time-averaged cross-sectional stream-lines superimposed with the resultant velocity of v̄ and w̄ from the LES (the ratio of vertical to streamwise scales is 1.15:1): (a)
sketch of the selected slices; (b) case 1; (c) case 3; and (d) case 5.

Based on the above-mentioned analysis, the exchange layer is
now taken to be the vertical plane with the y coordinate at the crash
position in Fig. 11, which prevents flow C from participating in the
exchange process. It can be seen from Fig. 10 that for all the cases,
the crash position is located at about y = 0.358 m, i.e., the fifth slice,
at a distance 0.04W from the tip of the groyne. Figure 12 shows the
exchange coefficient k calculated from the LES with the newly cho-
sen exchange layer (the fifth slice) for different vegetation densities.
Overall, k gradually decreases with an increase in the vegetation den-
sity, and it is considered that the blocking effect of the vegetation is
enhanced with higher densities such that it is able to suppress the
transverse momentum exchange across the exchange layer, as shown
in Fig. 10, thus leading to a decrease in k, which is in contrast with
Sukhodolov et al.,38 i.e., vegetation patches inside the cavity have
negligible effects on the characteristics of the shear layer at the inter-
face between main flow and groyne field. This difference could be
attributed to the fact that the upstream wake effect of the vegetation
patches is not taken into account in the second kind configuration
(multiple groyne fields with vegetation in a single cavity). Note that
from a complete absence of vegetation to sparse vegetation (from
case 1 to case 2), there is a fairly sharp drop in the value of k by
about 10%, whereas in the vegetated cases, going from case 2 to case
5, the rate of decrease in k is small, no more than 2%.

C. Coherent shedding eddy

Using flow visualization techniques (e.g., PIV) or the LES, pre-
vious studies have revealed the eddy shedding phenomenon along
the mixing layer.15,19,20,32 These eddies are produced behind the tip
of the groyne and then moved downstream in a quasiperiodic man-
ner, which exhibit the coherent character. To investigate vegetation
effects on the development of such coherent eddies, Figs. 13 and
14 show the eddy development from the laboratory experiments in
cases 1 and 2, respectively, where vertical vorticity fields are super-
imposed with temporal velocity vectors, referring to Sanjou et al.30

and Weitbrecht et al.32

In the absence of vegetation, a small-scale eddy marked by the
black circle in Fig. 13(a) is initially formed behind the tip of the
groyne as a result of the large velocity gradient between the cav-
ity and the main channel. As this eddy migrates downstream along
the interface, it randomly merges with other eddies that have been
shed. During the merging process, surrounding water from the side-
cavity is sucked in. As shown in Figs. 13(b)–13(d), when mixing
proceeds, the merged eddy grows in size compared with the initial
eddy, as in Fig. 13(a). Note that, in Fig. 13(d), as marked by the
small black circle, a new eddy has been shed, which will develop
in the similar way. This periodic process eventually generates the
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FIG. 10. Time-averaged spanwise velocity from the LES in different slices along the y-direction (the ratio of spanwise to streamwise scales is 55:1): (a) sketch of the selected
positions; (b) case 1; (c) case 2; (d) case 3; (e) case 4; and (f) case 5.

large-scale coherent structures in the mixing layer. As in the cases
with no vegetation, mergers and the entry of surrounding water can
cause the eddy shed in the vegetated case to gradually increases in
size when it flows downstream (Fig. 14). However, the scale of the
merged eddy in case 2 [Figs. 14(b)–14(d)] is smaller than that in case
1 [Figs. 13(b)–13(d)]. This difference could be induced by the pres-
ence of the vegetation in case 2. On the one hand, the plants act as a
constraining boundary to limit the free growth of the eddy. On the
other hand, the blocking effect of the plants reduces the amount of
surrounding water entering the merging eddy.

To provide a better understanding of these Kelvin–Helmholtz
eddies, 3D coherent structures of the vortex system visualized by
the Q-criterion are shown in Fig. 15. If the value of ∣Q∣ is larger in
some region, it means that the rate of rotation is stronger there. For

all the cases, the coherent structures are illustrated by snapshots of
an iso-surface of Q = 55 s−2 colored with the water depth for clar-
ity. Overall, the large-scale coherent structures with high vorticity
are concentrated in the mixing layer, where a large velocity gradi-
ent and unsteady shearing motion are present. When the vegetation
density increases, both the extent of penetration of the coherent vor-
tices into the cavity and the coverage area of Kármán vortices gen-
erated behind the plants gradually decrease, which could lead to a
decrease in the average turbulent kinetic energy (TKE) in the groyne
field.

Referring to the previous studies,16,18,21,29 the coherent motions
of eddies could be detected in the upstream of the mixing layer where
a distinct velocity-gradient exists as the inducing condition for vor-
tex shedding phenomena. Based on the above-mentioned principle
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FIG. 11. Sketch of flow near the downstream groyne.

and the visualization result of vortex developments in the experi-
ment (see Figs. 13 and 14), the location of point A [see Fig. 16(a)]
is determined as the monitoring location to quantify the domi-
nant time scales of coherent eddies. The characteristic frequencies
of coherent motions are obtained from the transverse velocity spec-
trum at point A in the LES, as shown in Fig. 16. The power spectra,
with the frequency resolutions of 0.0122 Hz for case 1 and 0.0153 Hz
for other cases, are computed through the Fourier Transformation
procedure. The frequency f is normalized as the Strouhal num-
ber, St = fH/U. In Fig. 16(b), a −3 subrange appears here, as well
as the Kolmogorov −5/3 inertial subrange typically for 3D turbu-
lent flows. The presence of a −3 subrange indicates a strong energy
exchange from small scales to large ones.16 This energy exchange
can be attributed to the merging of shedding eddies. Further evi-
dence for this mechanism is provided by the partial power spectra in
Figs. 16(c)–16(e). In Fig. 16(c), i.e., case 1, the first energy peak is at
St1 = 0.117, corresponding to a frequency f 1 = 0.29 Hz, which rep-
resents the dominant time scale of the merging process, as described
by McCoy et al.19 The second energy peak is at St2 = 0.200, corre-
sponding to a frequency f 2 = 0.50 Hz, which is associated with the
shedding of vortices behind the groyne. In Figs. 16(d) and 16(e), i.e.,
cases 3 and 5, the values of St1 are 0.138 and 0.219, respectively, cor-
responding to frequencies f 1 of 0.35 Hz and 0.55 Hz, and the values
of St2 are 0.366 and 0.396, respectively, corresponding to frequencies
f 2of 0.91 Hz and 0.99 Hz. It is found that with increasing vegeta-
tion densities, the leading frequency f 1 of the merging eddy becomes
larger, which is caused by the gradual decrease in the scale of the

FIG. 12. Variation of the exchange coefficient k with the vegetation density a.

merging eddy, as mentioned earlier in this subsection. Previous
studies showed that the dominant frequency is negatively correlated
with the vortex size.8,19 The master frequency f 2 of eddy shedding
increases with increasing vegetation density. This may be due to the
fact that the presence of vegetation increases the velocity gradient in
the mixing layer, leading to a growth in the instability of the Kelvin–
Helmholtz shear layer47 and, thus, to the acceleration of the vortex
shedding.

It should be noted that as the coherent motions have been
observed around point A in the experiment (see Figs. 13 and 14),
this point is selected as the monitoring location in the LES to quan-
tify dominant time scales of coherent eddies. However, for the sit-
uation without the help of visualization techniques, the merging
location is hard to identify since the vortex merging in the mix-
ing layer is a highly localized phenomenon.62 It is more feasible to
plot the spectra from several locations in the streamwise direction.
In addition, wavelet analysis is considered more suitable than the
traditional Fourier analysis for the merging phenomenon that is not
necessarily being periodic in time (e.g., a laminar separation bub-
ble),62 and this tool should be preferred for the similar flow in future
studies.

D. Hydraulic characteristics in the mixing layer
1. Thickness of the mixing layer

As a significant velocity gap exists between the groyne field and
the main channel, a mixing layer develops along the interface. It
is a commonplace to adopt the thickness δ of the mixing layer to
describe its spreading angle and the scope of the large velocity gra-
dient between the two regions. The thickness δ (m) is defined as
follows:21,28

δ = Um(x) −Ue(x)
(∂ū/∂y)max

, (8)

where Um(x) (m/s) and Ue(x) (m/s) are the time-averaged stream-
wise velocities in the main channel and in the embayment, respec-
tively. Note that the corresponding y coordinates are the locations
where the absolute value of the velocity gradient is negligibly small,
i.e., lower than 0.5 s−1, with reference to Mignot et al.28 In Eq. (8),
(∂ū/∂y)max (s−1) represents the maximum velocity gradient at each
x position along the interface. However, this approach to determine
the thickness does not provide a good reflection of the asymmetry
of the time-averaged streamwise velocity profile because there is a
sharp decrease in flow velocity near the edge of the vegetation.63

Therefore, separating the mixing layer into two parts, namely, an
inner layer inside the embayment and an outer layer in the main
channel (Fig. 17), appears to be a better approach, similar to that of
Truong and Uijttewaal.47 Equation (8) is then transformed into the
following form:

δ = δin + δout = Ui(x) −Ue(x)
(∂ū/∂y)max

+
Um(x) −Ui(x)
(∂ū/∂y)max

, (9)

where δin (m) and δout (m) are the thicknesses of the inner and
outer mixing layers and U i(x) (m/s) is the time-averaged streamwise
velocity at the interface.

Figure 18 shows the streamwise evolution of the mixing layer
thicknesses δin and δout from the PIV and LES, where the compari-
son between these two methods is presented for case 1 and it shows
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FIG. 13. Development of an eddy shed behind the tip of the upstream groyne at z = 0.625H in case 1 of PIV (∆t ≈ 1 s): (a) T0; (b) T0 + ∆t; (c) T0 + 2∆t; and (d) T0 + 3∆t.

FIG. 14. Development of an eddy shed behind the tip of the upstream groyne at z = 0.625H in case 2 of PIV (∆t ≈ 1 s): (a) T0; (b) T0 + ∆t; (c) T0 + 2∆t; and (d) T0 + 3∆t.
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FIG. 15. Instantaneous coherent struc-
tures visualized by an iso-surface of
Q = 55 s−2 that is colored with the
flow depth to better highlight the three-
dimensionality: (a) case 1; (b) case 2; (c)
case 3; (d) case 4; and (e) case 5.

a good agreement (maximum errors are 0.028 W and 0.051 W for
δin and δout , respectively).

Overall, the inner thickness δin increases linearly when x/W
< 2 (taking the tip of the upstream groyne as the origin) and then
decreases when x/W > 2 owing to the presence of an adverse pres-
sure gradient near the downstream groyne, which is consistent with
the observation of Mignot et al.28 The outer thickness δout increases
linearly in the upstream part of the mixing layer (i.e., x/W < 1.5
for case 1, and x/W < 1 for cases 3 and 5) and then basically does

not change in the downstream part. Note that when the vegetation
density increases in the groyne field, the growth rate of the inner
thickness δin gradually falls from k = 0.1340 to k = 0.0682 [Figs. 18(a),
18(c), and 18(e)]. This is caused by the blocking effect of the vege-
tation, which inhibits the penetration of the mixing layer and, thus,
limits its free growth, as shown in Figs. 13 and 14. The growth rate
of the outer mixing layer thickness is nearly constant, k = 0.1662
–0.1967 [Figs. 18(b), 18(d), and 18(f)], because the outer mixing
layer is nearly unaffected by the vegetated region.
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FIG. 16. Power spectra of transverse velocity at point A situated at z = 0.875H from the LES: (a) sketch of the point A; (b) power spectra for the different cases; (c) partial
power spectrum for case 1; (d) partial power spectrum for case 3; and (e) partial power spectrum for case 5.

2. Vorticity
Figure 19 illustrates the time-averaged vertical vorticity Ωz

(normalized by U/H) at z = 0.625H from the LES. The Ωz is defined
as follows:

Ωz = ∂v̄
∂x
− ∂ū
∂y

, (10)

where ū and v̄ represent the mean streamwise velocity and the mean
spanwise velocity, respectively.

For all the cases, the mixing layer is permeated with high vor-
ticity owing to the presence of coherent structures. The magnitude
of the vorticity decreases in the downstream direction, as proved by
the fact that the vorticity in region A is much greater than in region
B. This can be attributed to the evolution of eddies shed from the
groyne. Behind the tip of the groyne, small-scale eddies are initially
generated by the velocity gradient between the cavity and the main
channel. As a result of the significant velocity gap, these eddies have
high rates of rotation, and thus, there is a high level of vorticity in
the upstream part of region A. As the eddies migrate downstream,
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FIG. 17. Division of the mixing layer into inner and outer parts to calculate its
thickness.

random mergers occur in the mixing layer. Alongside this process,
low-vorticity water from the embayment is sucked into the merging
eddies, thus leading to a decrease in the total level of vorticity in the
downstream part of region A. When the coherent eddies arrive at
region B, their vorticity is relatively low, owing to dissipation in the
surrounding flow.

A comparison of the vorticity distributions for different cases
shows that, in region B, the vorticity level in the vegetated cases
[Figs. 19(b)–19(e)] is higher than that in the non-vegetation
case [Fig. 19(a)]. In the vegetated cases, the presence of plants sup-
presses the momentum exchange across the interface, and only
a small amount of low-vorticity water enters the mixing layer
from the groyne field. This ensures that the high level of vorticity

FIG. 18. Streamwise evolution of the mixing layer thicknesses δin and δout at z = 0.625H from the PIV and LES: (a) δin and (b) δout for case 1; (c) δin and (d) δout for case 3;
and (e) δin and (f) δout for case 5.
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FIG. 19. Time-averaged vorticity at z = 0.625H from the LES: (a) case 1; (b) case 2; (c) case 3; (d) case 4; and (e) case 5.

in the mixing layer is not dissipated rapidly, and thus, the vor-
ticity is greater in the vegetated cases than in the case without
vegetation.

3. Turbulent kinetic energy
The turbulent kinetic energy (TKE) is defined as follows:

TKE = 0.5(u′2 + v′2 + w′2) , (11)

where the overbar represents the time-averaged value. u′, v′, and w′

are the velocity fluctuations in the x-direction, y-direction, and z-
direction, respectively.

Similar to the vorticity distribution, strong TKE, normalized by
U2, is concentrated in the mixing layer owing to the instability of the
Kelvin–Helmholtz shear layer (see Fig. 20). The level of TKE gradu-
ally decreases downstream, as can be seen in regions A and B, due to
the dissipation in the surrounding water. When the mergers among
the eddies shed from the groyne, water with low TKE is transferred
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FIG. 20. Time-averaged TKE at z = 0.625H from the LES: (a) case 1; (b) case 2; (c) case 3; (d) case 4; and (e) case 5.

from the embayment into the shear layer, leading to a decrease in the
turbulent intensity. In region A, the turbulence is more intense in
case 1 than in the vegetated cases because the shear layer undergoes
much stronger oscillations, not constrained by the edge of the vege-
tation. The presence of vegetation inhibits water exchange across the
interface: both weakly turbulent water from the embayment into the
mixing layer and strongly turbulent coherent eddies from the mixing
layer into the embayment. This is why the turbulence in the absence

of vegetation is lower in region B and higher in region C than in the
vegetated cases.

E. Phenomenological model
Based on the above-mentioned results, a phenomenological

model for the evolution of the coherent eddies shed from a groyne
is illustrated in Fig. 21. Initially, small-scale eddies A and B are
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FIG. 21. Phenomenological model for the evolution of coherent shedding eddies shed from a groyne.

generated behind the tip of the groyne owing to the strong veloc-
ity gradient, as shown in panels 1 and 2 (see Fig. 21). Due to the
strong mixing in this region, the eddies exhibit high vorticity and
strong TKE (see Figs. 19 and 20). When they flow downstream, the
adjacent eddies A and B merge together through pairing. Accom-
panied by this process, the surrounding water of low vorticity and
TKE is sucked from the groyne field into the mixing layer, as shown
in panel 3. After sufficient mixing, a large-scale merged eddy C is
formed, concomitantly with the increase in the mixing layer width,
as shown in panel 4. In addition, a newly shedding eddy of a small

size is produced behind the groyne, which will follow the similar evo-
lution to eddies A and B. Due to the dissipation in the surrounding
water, the hydrodynamic parameters involved in the merged eddy
C exhibit lower values, i.e., the vorticity, velocity gradient, and TKE
all decrease, as shown in panel 5. The shedding and the merger of
eddies occur periodically, and thus, a large-scale coherent structure
is eventually formed in the mixing layer, as shown in panel 6. After
crashing into the downstream groyne, some of these coherent eddies
enter the groyne field in the form of a wall-attached jet-like flow,
while others bypass the tip of the groyne and flow downstream. In
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the vegetated cases, the growth of the mixing layer is limited by the
edge of vegetation patches, and the hydrodynamic parameters in the
mixing layer are relatively large due to the blocking effect of the
vegetation.

F. Discussion
Referring to the previous studies,11,13–15,17,21,31,32 the present

experiment is carried out in an idealized testing model, i.e., the
straight fixed-bed channel of a rectangular cross section with reg-
ular groynes on one side, which could reflect basic flowing features
in natural groyne fields (e.g., the circulation structure, the Kelvin–
Helmholtz shear layer, and the vortex shedding phenomenon). With
the presence of vegetation, the reduction in the circulation veloc-
ity and turbulent intensity could promote sediment deposition, the
decrease in the exchange coefficient could extend the retention pro-
cess of organic matters inside groyne fields, and the increase in
hydraulic properties of the mixing layer could improve the dynamic
level near the cavity mouth. All these influences are beneficial to
stream corridor restoration: for example, the vegetation zone could
act as breeding grounds for fish (increasing the bio-diversity of
river systems), the sedimentation process could enhance the inho-
mogeneity of river morphology (creating diverse environments for
aquatic organism), the long residence time could cause dissolved
nutrients to be absorbed adequately by plants (improving water
quality), and the relative high dynamic level could prevent the accu-
mulation of sediments in the cavity mouth (maintaining the hydro-
logical connectivity between the cavity and the main-stream). The
above-mentioned knowledge can help river managers understand
vegetation effects on flow hydrodynamics and realize the ecological
function of vegetated groyne fields more deeply.

However, due to the difference between realistic situations and
idealized experiment conditions, the above-mentioned results could
not be exactly the same as those in natural groyne fields. In real-
ity, rivers are always meandering,64 and this could cause groynes
to be inclined against the flow direction (i.e., not perpendicular to
the main-stream), which leads to the change in the flow behavior:
for example, in cases of backward inclined groynes, the size of the
secondary gyre gets larger and the retention time inside the cav-
ity becomes longer,51,65 and in forward inclined cases, the groyne
increases the secondary flow cell along the stream bank, thus result-
ing in the displacement of channel thalweg toward the channel
center.66 In addition, natural compound channels could lead to a
lower mean water depth in the cavity than in the main-stream,
which enhances the bottom friction and reduces the exchange coef-
ficient.15,65 Furthermore, natural flow belongs to the multi-phase
material, i.e., the mixture of air, water, and sand. The testing flow,
here, is just set as clean water, which deviates from the realistic
situation to some extent. The interaction between liquid and solid
phases does have an effect on the flow property, for example, sus-
pend sediments could reduce the turbulence,67 particle–coherent
structure interactions might affect vortex shedding processes,68 and
the scoured hole could adjust the distribution of hydraulic charac-
teristics around groynes.6 Therefore, the next stage of this research
should focus on near-natural cases (e.g., compound channel, sedi-
ments, and mobile-bed), which is a better way to study the turbulent
flow in groyne fields.

V. CONCLUSIONS
In the absence of sediments, the hydrodynamics of consecutive

groyne fields with different vegetation densities have been investi-
gated both experimentally through PIV and numerically through the
LES. The results reveal that the vegetation causes the double gyres
(non-vegetation case) to be transformed into a single gyre, with a
reduction in the circulation velocity. This is attributed to a combi-
nation of the blocking effect of vegetation and its drag force. In the
main flow, a pair of streamwise secondary currents is present. For
the internal secondary current, it is too feeble to generate the vertical
flow in the cavity effectively.

As the vegetation suppresses momentum exchange between
the cavity and the main channel, the exchange coefficient gradu-
ally decreases with an increasing vegetation density. It should be
emphasized that the exchange rate is obtained from a newly pro-
posed exchange layer at a distance of 0.04W from the groyne tip
(where W is the length of the groyne). This location is considered
to be a more appropriate choice than the interface, since it prevents
the flow bypassing the tip of the groyne from the exchange process.

Small-scale eddies are shed from the tip of the groyne due
to the unsteady velocity gradient. As they flow downstream, these
eddies merge together to form a relatively large-scale eddy, result-
ing in an increase in the mixing layer width. The eddy shedding and
merger process occur in a periodic manner, eventually resulting in
the formation of large-scale coherent structures along the interface.
It should be noted that as the vegetation density increases, both the
master frequency of eddy shedding and the dominant frequency of
the merged eddies gradually increase. The hydrodynamic parame-
ters corresponding to the coherent structures, namely, the vorticity
and the turbulent kinetic energy, both decrease in the downstream
direction. In the downstream part of the shear layer, their values
are higher for the vegetated cases than in the absence of vegetation,
which is attributable to the reduced inflow from the embayment into
the merging eddies.

Based on the above-mentioned results, a phenomenological
model is presented to describe the evolution of the coherent struc-
tures and the variations in flow hydrodynamics associated with these
eddies. This model should be useful to clarify the flow characteristics
of the mixing layer in the consecutive vegetated groyne fields.

This study enriches the knowledge on the interaction between
aquatic vegetation and circulation flow in groyne fields, and plant
communities are thought to play a positive role in stream cor-
ridor restoration. With the presence of vegetation, the sediment
deposition could be enhanced, concomitantly with the diversity of
river morphology, and the retention process of organic materials is
extended, which is beneficial to the absorption and purification pro-
cess of an aquatic organism. In addition, the vegetation leads to a
relatively high dynamic level near the cavity mouth, thus maintain-
ing the hydrological connectivity between the groyne field and the
main-stream.
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