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Large-Eddy Simulations (LES) were used to investigate the hydrodynamics and mass transfer between the flow in
the main channel and a vegetated lateral cavity. Fourteen vegetation densities (0 to 10.65 %) were tested,
revealing two distinct hydrodynamic patterns. For cavities with low vegetation density (a < 3.99 %), one pri-
mary gyre in contact with the interface between main channel and cavity with high velocity was formed; the
thickness of the mixing layer grew longitudinally along the interface, and regions with high vorticity and tur-
bulence kinetic energy appeared at the interface and inside the cavity. For cavities with high vegetation density
(a > 3.99 %), two gyres in contact with the interface with low velocity were formed, the thickness of the mixing
layer did not grow, and the vorticity and turbulence kinetic energy were low inside the cavity. The mass
transport presented the same threshold value as the hydrodynamics (a = 3.99 %). For cavities with low vege-
tation density, a fast mass transfer occurred through the interface between the main channel and cavity and
inside the cavity, while the opposite was observed for cavities with high vegetation density. Finally, the modelled

hydrodynamics was used to infer possible sediment deposition patterns and flow resistance.

1. Introduction

Lateral cavities are an important component of channel systems
(Harvey and Gooseff, 2015) because they (i) act as a macro-roughness at
the riverbanks (Juez et al., 2018a), (ii) act as transient storage zones
(Drost et al., 2014; Jackson et al., 2015, 2013), and (iii) enhance
biodiversity in the system (Harvey, 2016; Ribi et al., 2014; Watts and
Johnson, 2004; de Oliveira et al., 2023a). In relation to (i) and (ii), many
anthropogenic actions and natural events (e.g., hydropeaking) might
cause rapidly varied unsteady flow in channels, and measures such as
lateral cavities at the banks can increase their flow resistance and nat-
ural retention capacity (Meile et al., 2010). With respect to (ii), lateral
cavities are major storage regions for pollutants, nutrients, gases, and
sediments, since this material is transported towards the cavity from the
main channel, and the flow velocities are lower than the main channel
within the cavities. Finally, in relation to (iii), cavities create flow ve-
locity and morphology diversity, promoting the development of habitats
within a channel with require areas with heterogeneity.

The lateral cavities of open-channel flows can be divided into two
types: the so-called “lateral cavity” (Fig. 1) and the “cavity between two
groynes” (Mignot et al., 2019). In the lateral cavity, the flow reaching
the upstream corner is parallel to the interface of the main channel and
the cavity, while in a cavity between two groynes the incoming flow is
slightly directed away from the interface of the main channel and the
cavity towards the centre of the main channel. These two types of cav-
ities can either be spaced at sufficient streamwise distances along a
channel, such that the upstream flow is unaffected by any upstream
mixing layer (e.g., Xiang et al., 2019), or built-in series, and the mixing
layer grows downstream from the leading edge of the first cavity and
then stabilizes (reaching a fully developed state) by the fourth to sixth
cavity (e.g., McCoy et al., 2007). The focus of this study was on isolated
lateral cavities, which can be formed naturally (e.g., natural irregular-
ities of the banks) or by human intervention (e.g., canals) (Engelen et al.,
2021).

Mignot et al. (2019) showed that the aspect ratio W/L (where W is
the cavity width and L is its length) divides the flow inside cavities into

* Corresponding author at: Department of Civil, Building and Environmental Engineering (DICEA), University of Naples Federico II, via Claudio 21, 80125 Napoli,

Italy.

E-mail addresses: luizeduardo.domingosdeoliveira@unina.it (L.E.D. de Oliveira), tais.n.yamasaki@durham.ac.uk (T.N. Yamasaki), johannes.janzen@ufms.br

(J.G. Janzen), carlo.gualtieri@unina.it (C. Gualtieri).

https://doi.org/10.1016/j.jhydrol.2024.130910

Received 19 October 2023; Received in revised form 22 January 2024; Accepted 23 January 2024

Available online 15 February 2024

0022-1694/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:luizeduardo.domingosdeoliveira@unina.it
mailto:tais.n.yamasaki@durham.ac.uk
mailto:johannes.janzen@ufms.br
mailto:carlo.gualtieri@unina.it
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2024.130910
https://doi.org/10.1016/j.jhydrol.2024.130910
https://doi.org/10.1016/j.jhydrol.2024.130910
http://creativecommons.org/licenses/by/4.0/

L.E.D. de Oliveira et al.

four categories: (i) for 0.2 < W/L < 0.33, the cavity is dominated by a
highly distorted single vertical axis recirculation; (ii) for 0.3 < W/L <
0.6, two contra-rotating recirculations are aligned along the channel
axis: a recirculation occupying most of the cavity and a small recircu-
lation located in the upstream corner; (iii) for 0.6 < W/L < 2, a single
recirculation, approximately circular, occupies the whole cavity; (iv) for
2 < W/L < 3, two contra-rotating recirculations are aligned perpen-
dicularly to the interface.

Despite the horizontal dimensions of the recirculating flow, in the
cavity, are typically significantly greater than the water depth, the flow
is three-dimensional (Tuna et al., 2013). For example, the cavity-main
channel interface is mainly characterised by the vortex shredding and
its velocity variation in the depth axis (Engelen et al., 2020). The fluid
enters the cavity primarily through the bottom layer of the downstream
interface and exits primarily through the top layer of the upstream
interface (Xiang et al., 2020). This feature is related to the velocity
difference between the main channel and the cavity, which forms a
mixing layer at the interface that exhibits shear instability. Shedding
vortices form at the cavity’s upstream edge, and the mixing layer carries
them downstream. Some of these vortices are injected into the cavity in
the form of a wall-attached jet-like flow that is parallel to the down-
stream wall. This mixing layer, with its vortices, controls the exchange
of mass between the main channel and the cavity (Constantinescu et al.,
2009).

The investigation of momentum and mass transport along the
interface between a cavity and the main channel poses challenges for
experimental analysis. Numerous studies have operated under the
assumption that mass exchange between these two domains is primarily
governed by transverse velocity components across the interface,
lending itself to parameterization by a singular exchange velocity. This
convention often presumes a two-dimensional flow and designates the
exchange velocity either at the free surface, as observed through surface
particle tracking, or at a depth deemed representative of the depth-
averaged flow field, employing methods such as sub-surface particle
image velocimetry (Engelen et al., 2021). However, it should be noted
that this generalization does not hold true, particularly at the intricate
interface.

Recent work by Engelen and De Mulder (2020) and subsequently by
Engelen et al. (2021) has employed Particle Tracking Velocimetry (PTV)
to assess the three-dimensional flow characteristics and mass exchange
at the interface between a cavity and the main channel. Their findings
have revealed that the transverse velocity approach tends to over-
estimate the extent of interfacial mass exchange.

An alternative method for determining interfacial mass exchange
involves the utilization of the tracer release method. In this technique, a
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passive tracer is instantaneously introduced into the cavity, with the
reduction in volume-averaged concentration tracked as the tracer is
washed out into the main channel. Notably, laboratory or field experi-
ments reliant on volume-averaged concentration measurements
confront substantial challenges and inherent uncertainties (Altai and
Chu, 1997; Booij, 1989; Kozerski et al., 2006; Kurzke et al., 2002;
Mignot et al., 2017; Sanjou and Nezu, 2013; Weitbrecht et al., 2008).
The intricacy lies in the uniform injection of tracer throughout the
lateral cavity in an instantaneous manner, coupled with the fact that the
measurement represents not a genuine volumetrically averaged con-
centration, but rather an approximation confined to a segment of the
cavity volume (Mignot et al., 2017).

To address these experimental challenges and gain a deeper insight
into the intricacies of processes within channel flow cavities, numerical
simulations have been employed. Reynolds-averaged Navier-Stokes
(RANS) simulations have been extensively used due to their computa-
tional efficiency and ability to replicate observed flow patterns within
the cavity. However, RANS simulations fall short in accurately capturing
the momentum and mass exchange occurring across the interface that
separates the main channel from the cavity (Gualtieri et al., 2010). In
response to these limitations, Large Eddy Simulation (LES) has gained
increasing popularity. Unlike RANS, LES offers the advantage of higher
accuracy in flows dominated by shear-layer vortices, a characteristic
feature of the interface between the main channel and the cavity (Xiang
et al., 2019). LES also provides comprehensive insights into turbulent
flow dynamics, which are fundamentally responsible for governing mass
and momentum exchange processes (Constantinescu et al., 2009; Lu and
Dai, 2016; Ouro et al., 2018). Additionally, LES is increasingly being
recognized as a viable alternative to the prevailing industrial practice,
which predominantly relies on RANS approaches (Zhiyin, 2015).

Numerical simulations and experimental investigations have been
extended to encompass vegetated cavities as well. Vegetation is known
to create a conducive environment for retaining fine sediments and
nutrients (Asaeda et al., 2009; Barko et al., 1991; Cotton et al., 2006; Ely
and Evans, 2010; Jones, 2020; Nepf, 2012a; Olesen, 1996; Vanden-
bruwaene et al., 2011; Ward et al., 1984). Once established, vegetation
engenders a diversity of ecosystem services, encompassing the provision
of shelter for aquatic communities (Arend and Bain, 2008; Kraus and
Jones, 2012; Maceina et al., 1999), the entrapment of suspended ma-
terials (Ward et al., 1984), safeguarding against erosion (Dur¢ et al.,
2020), enhancing water quality (Zhang et al., 2021), facilitating carbon
storage (Engelhardt et al., 2004; Zhang et al., 2021), and nurturing an
expansive array of infauna (Buczynski et al., 2017; Engelhardt et al.,
2004; Staentzel et al., 2019; Zhang et al., 2021). A significant portion of
these services emanates from the modifications in flow dynamics
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Fig. 1. Computational domain with coordinates, sizes and main boundary conditions. All the sizes are in metres.
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wrought by the presence of vegetation within cavities.

For instance, the introduction of vegetation can reduce flow velocity
and turbulence, thereby fostering sedimentation and curtailing the
initiation and resuspension of sediment motion. This effect translates
into augmented light penetration, heightened oxygen concentration,
and consequently, an enhancement of vegetation growth (Brodersen
et al., 2017; Watanabe et al., 2002). Furthermore, through the attenu-
ation of bed-shear stress, vegetation affords protection to the substrate
and roots, thereby bolstering soil stability against erosion and creating
an environment conducive to the establishment and endurance of new
vegetation (Vargas-Luna et al., 2015). Thus, a comprehensive under-
standing of the ecosystem services furnished by cavities necessitates the
thorough investigation of hydrodynamic alterations stemming from the
presence of vegetation.

The influence of vegetation on hydrodynamics within cavities is
characterized by complexity, given its reliance on the attributes of the
vegetation itself, as well as the distinctive features of the main channel
and the cavity (Lu and Dai, 2016; Sukhodolov et al., 2017; Xiang et al.,
2020, 2019). Notably, vegetation density possesses a dual role in
effecting alterations: on one hand, it can engender a reduction in flow
velocity and turbulence, thereby molding the circulation patterns within
the cavity. A case in point is the transformation noted by Sukhodolov
et al. (2017), who reported a shift from the conventional twin counter-
rotating circulation pattern to a singular circulation pattern character-
ized by augmented vegetation density. In contrast, studies by Lu and Dai
(2016) and Xiang et al. (2019) have indicated that analogous circulation
patterns can still persist within cavities, irrespective of the presence or
absence of vegetation and its density. Thus, a unanimous consensus
remains elusive regarding the implications of vegetation for the flow
patterns within cavities. Furthermore, Sukhodolov et al. (2017)
observed that emergent vegetation within the cavity yielded marginal
impact on the dynamics of the mixing layer at the interface between the
main channel and the cavity. Conversely, Xiang et al. (2020) demon-
strated a distinct connection between vegetation density and interface
flow. To illustrate, Xiang et al. (2020) appointed that an augmented
density of vegetation within the cavity resulted in a diminished inner
thickness of the mixing layer separating the main channel and the cav-
ity. This diminution was attributed to the heightened obstruction effect
exerted by the vegetation, impeding the infiltration of the mixing layer
and thereby restricting its expansion. Notably, the outer mixing layer
remained nearly unaffected by the presence of vegetation within the
cavity (Xiang et al., 2020). Crucially, the dynamics of the mixing layer
bear direct consequences on mass exchange between the main channel
and the cavity. This stems from the fact that the mixing layer orches-
trates the detachment of vortices and the ensuing momentum exchange
(Xiang et al., 2020).

The existing body of research furnishes an overarching portrayal of
flow characteristics within vegetated cavities, yet certain aspects war-
rant further exploration. For instance, preceding investigations have
scrutinized vegetation density (a) across the range of 0 to 1.57 %
(Sukhodolov et al., 2017; Xiang et al., 2019, 2020). Nevertheless, a
definitive threshold demarcating “dense” or “sparse” vegetation in
cavities, contingent upon flow characteristics, remains elusive. For
emergent vegetation patches in an open channel, for example, Chen
et al. (2012) characterized the vegetation as being “dense” or “sparse”
according to flow blockage thresholds, in which the flow properties near
the patch (e.g., flow adjustment length and the velocity exiting the
patch) were distinct above and below the threshold. A similar approach
can be done for vegetated cavities for a wider range of vegetation den-
sity found in the literature. The vegetation density of vegetated channels
varies between 0.7 and 51 % (Chen et al., 2012). Further, past in-
vestigations into the dynamics of mass transport within vegetated cav-
ities have largely relied on velocity field analysis. However, this
approach remains insufficient in encapsulating the entirety of the ex-
change process (Engelen et al., 2021). Therefore, a more expansive
exploration of mass exchange through tracer injection, as advocated by
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Xiang et al. (2019), is warranted. Additionally, no other study inferred
the dynamics of sediment transport in vegetated lateral cavities, and
how the change in vegetation density affects its features.

The current study is hence designed with the objective of extending
the range of tested vegetation densities within cavities. Furthermore, it
seeks to elucidate potential thresholds governing hydrodynamics and
mass exchange processes. To achieve these objectives, the study employs
Large Eddy Simulation (LES) to simulate both hydrodynamics and the
interfacial mass exchange. The simulation also offers insights into
sediment transport.

2. Numerical model
2.1. Model equations

The simulations were performed with the Large Eddy Simulation
(LES) approach, which uses the spatial filtering of the incompressible
Navier-Stokes equations to solve for the fluid motion and turbulence
(Rodi et al., 2013). For an incompressible fluid, the conservation
equations of mass and momentum are, respectively:

0u,~ _

a0 M
om0 10 e -
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in which the overbar indicates resolved quantities, andiand j =1, 2, 3
correspond to X, y, z directions, respectively; u; (m/s) is the velocity
component in the i direction, p (kg/m®) is the fluid density, p (N/m?) is
the dynamic pressure, d (m?/s) is the kinematic viscosity, S (1/s) is the
strain-rate tensor, 7 (m?/s?) is the subgrid-scale stress, and Sy; is the
sink term related to vegetation drag (m/s?) further defined in Eq. (7). S
and 7; are given by:
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Specifically, 7; represents the effect of unresolved small-scale motion on
the resolved flow, and is based on the eddy-viscosity assumption:

1
Ty = 3%uby =

3 —9,(25y) 5)

where 9, (m?/s) is the eddy viscosity. The Wall-Adapting Local Eddy-
viscosity (WALE) model, proposed by Nicoud and Ducros (1999), was
chosen as the subgrid-scale model to calculate 9;.

The transport of scalars was modelled with the advection-diffusion
equation (ADE), this equation uses a one-way interaction with the flow.
In other words, the flow is not affected by the transport of this scalar.
%—f - V-(UC) - V3(DrC) =0 (6)
where C is the tracer concentration (transported scalar) and Dy = 1.111
is the constant diffusion coefficient divided by the fluid density.
Furthermore, the value of C was bounded from O to 1 in order to
represent a percentage of tracer in the domain.

2.2. Numerical model

Simulations were conducted using the open-source software Open-
FOAM (version 1912). The governing equations, including conservation
of mass, momentum, and energy, were discretized using the pimple-
Foam module, which is known for its efficient implementation of the
finite volume method (FVM) in a transient formulation. This approach
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allowed us to accurately capture the transient behavior of the flow and
its interactions with the surrounding environment. For the pressur-
e-velocity coupling, we adopted the PIMPLE method scheme, which
combines the strengths of the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) and PISO (Pressure-Implicit Splitting of
Operators) schemes. This choice enabled us to achieve a robust and
stable convergence of the pressure and velocity fields, crucial for accu-
rate flow predictions. To solve the convection—diffusion equations, we
employed an implicit second-order backward time-stepping scheme.
Additionally, we utilized additional second-order schemes to enhance
the accuracy and stability of our simulations. These choices were made
to ensure reliable predictions of the transport phenomena, particularly
in scenarios where scalar quantities play a significant role. The tolerance
level for convergence was set to 1E-04 for both pressure and velocity
residuals. This stringent criterion ensured that the iterative solver
reached a highly accurate solution. Furthermore, we employed the PISO
loop, which consisted of three iterations. Within each iteration, pressure
corrections were performed three times within the SIMPLE loops,
improving the overall accuracy of the simulations.

Distinguishing features between our numerical model and the
approach proposed by Xiang et al. (2019) manifest notably through
supplementary corrective measures, the establishment of mesh orthog-
onality facilitated by the incorporation of a porous medium, and the
distinct formulation of the inlet boundary condition. Additionally, our
model demonstrates reliance upon an openly accessible software suite as
opposed to a proprietary software solution, characterizing a departure
from prior methodologies.

The mass exchange between the main channel and the vegetated
cavity was simulated (Equation (6)) using the washout procedure, as
described in Sandoval et al. (2019). This procedure consists of setting up
a non-dimensional tracer concentration C = 1 inside the cavity and C =
0 in the main channel and tracking the tracer concentration in the cavity
as it is transported to the main channel. This allowed for the estimation
of the concentration’s temporal variation within the cavity. The con-
centration was recorded until at least 95 % of the tracer was washed out
of the cavity. The tracer was injected only after the flow transients were
eliminated, which corresponds to a time greater than 150H/U. The
turbulent Schmidt number was S.; = 0.9, as in (Gualtieri et al., 2010).
Oliveira et al. (2021) showed that the effect of the turbulent Schmidt
number on the mass exchange of a vegetated lateral cavity is almost
negligible, while doubling the S¢; changes the mass exchange by 1 %.

The time increment was adaptative with a maximum Courant num-
ber of 0.9. The maximum time step size was 0.05 s, while the mean time
step size was 0.001 s. The simulation ran for nearly 150H/U (water
depth H = 0.10 m, and channel bulk velocity U = 0.101 m/s) until the
transients were eliminated. The statistics were collected and averaged
using the instantaneous flow fields over, at minimum, the next 350H/U,
and, at maximum, 5000H/U or until 95 % of the tracer mass was washed
out from the cavity.

The geometry and flow conditions were chosen to match the exper-
imental setup described in Xiang et al. (2019), so that their measure-
ments could be used for model validation (Fig. 1). The lateral cavity was
W=0.15m wide and L = 0.25 m long, resulting in an aspect ratio W/L of
0.6, which corresponds to a one-gyre system with one adjacent circu-
lation (Mignot et al., 2019). The depth in the main channel and in the
cavity was H = 0.10 m. The flow in the main channel was turbulent (Re
= HU/v = 9000, where v is the kinematic viscosity) and subcritical (Fr =
U/(gH)0'5 = 0.102, where g is the gravitational acceleration), with bulk
velocity U = 0.101 m/s at the channel inlet. The temperature was
constant at T = 293 K. In the computational domain, x is the streamwise
direction, with origin at the cavity. In the transversal direction, y =
0 corresponds to the cavity interface. The vertical direction z is
measured from the channel bottom.

The boundary conditions set to the model were the following (Fig. 1).
The bottom of the domain (z = 0 m), the walls of the main channel and
the cavity were considered as no-slip surfaces. A rigid-lid assumption
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was employed at the free-surface (z = 0.10 m), this simplification is a
common practice in CFD and is generally accepted for Fr < 0.36
(Khosronejad et al., 2020). This approach was similar to other studies
with lateral cavities in open-channel flows for Froude number less than
0.43 (Lu and Dai, 2016; Ouro et al., 2020; Xiang et al., 2019), which
obtained good agreement with experimental results, at least for
first-order turbulence statistics (Kara et al., 2015). Although the adop-
tion of the Level-Set Method (LSM) to represent the air-water interface
at channel flows can provide more accurate results than the rigid-lid
boundary condition, the former comes at five times higher computa-
tional expense (Khosronejad et al., 2020). The longitudinal XZ plane,
farField, where the main channel was restricted in the domain, was
defined as a free-slip surface. The width of the main channel covered by
the numerical model was only 0.30 m (the full width of the experimental
main channel was 0.85 m) in order to avoid having to resolve the
boundary layer near the opposite channel wall and save grid points. At
this location, the effect caused by the cavity is negligible (Brevis et al.,
2014), and the flow is parallel and nearly uniform, so that a free-slip
symmetry condition was applied. Further, this simplification is valid
since the main channel flow does not affect the development of trans-
verse standing waves (Perrot-Minot et al., 2020).

The channel’s inlet section received velocity field that corresponded
to a fully developed open channel flow simulation done at the main
channel geometry with identical initial flow conditions (U = 0.101 m/s)
and periodic boundary conditions in the streamwise direction. This
average incoming flow was used to generate turbulent fluctuations using
the Turbulence Divergence-Free Synthetic Eddy Method (DF-SEM)
approach (Poletto et al., 2013). This was an improvement in relation to
the study of Xiang et al. (2019) which only considered a predeveloped
velocity field. A convective boundary condition was adopted at the
outlet, in which the zero-gradient condition allows the flow to exit the
domain without having any backflow. The bottom of the domain, the
walls of the main channel, and the cavity were considered as no-slip
surfaces.

It is common practice in laboratory experiments to approximate
aquatic vegetation as arrays of rigid circular cylinders, with the cylinder
diameter in the scale of millimetres (Chen et al., 2012; Kim et al., 2015;
King et al., 2012; Xiang et al., 2020, 2019). Computationally, arrays of
cylinders require high grid discretization to account for the individual
vegetation elements (de Lima et al., 2015), and the higher the vegetation
density, the more complex the grid will be. To avoid such computational
costs, one alternative is to model the vegetation as a porous medium
(Xavier et al., 2018; Yamasaki et al., 2019, 2022), in which the flow
resistance induced by the vegetation is either calculated or fitted based
on cylinder-arranged vegetation experiments. This resistance generates
a momentum loss that is added as a sink term in Equation (2). In our
study, momentum loss was computed with the Darcy-Forchheimer (DF)
model:

Swi= — (3d+@f)uf @)
in which 9 (m?/s) is the kinematic viscosity, d (1/m?) is the viscosity
drag coefficient and f (1/m) is the inertial coefficient. The coefficients
d and f were calculated using the Ergun equation:

150 (1—€)?
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in which D, (cm) is the mean particle diameter, and € (=1-a) is the void
fraction, with a being the vegetation density in the cavity:
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where n is the number of vegetation cylinders, Sy (m?) is the horizontal
cross-section area of the vegetation cylinders, and S.q, (m?) is the cavity
area. The value of a = 100 % corresponds to a wall with no-slip
condition.

To validate the porous model, we used the experimental data of
Xiang et al. (2019), who designed a laboratory-scale model of rigid
emergent vegetation using copper cylinders that were uniformly ar-
ranged in the flume cavity (a = 0.13 %). In the horizontal plane (flow
perpendicular to the cylinders, which corresponds to the x- and y-axis),
D, was assumed as the cylinder diameter (D, = dy, = 1.5 mm). In the
vertical direction (z-axis), where the flow is parallel to the cylinders, D,
was calculated as the hydraulic diameter dp, (m):

2
4 —d, (“(S/ﬂ"w)1> an

in which s is the centre-to-centre cylinder spacing (s = 0.03 m in the
setup of Xiang et al.,, 2019) and varies with a. To account for non-
isotropic resistance, the approach of Oldham and Sturman (2001) was
used to calculate d and f in the z-axis (see Equations (7) and (8)).

To explore the range of vegetation densities, a was varied between a
= 0 (no vegetation) and a = 10.65 % and distributed in fourteen sce-
narios (Table 1). It was assumed that the vegetation was uniformly
distributed in the cavity and that it spanned the cavity depth, similarly
to emergent vegetation.

The discretization of the domain was defined with the grid uncer-
tainty evaluation proposed by Dutta and Xing (2018). Three grids were
employed: a coarse grid with 639,680 elements, a medium grid with
1,408,000 elements, and a fine grid with 3,132,800 elements. The
refinement rate between the grids was 1.40. The numerical error was
estimated using the method outlined by Dutta and Xing (2018) and was
equal to 2E-05 m/s. All three-grid simulated ensemble-averaged
streamwise velocities showed good agreement with the experimental
results of Xiang et al. (2019) (Fig. 2). The medium grid was chosen for
the simulations, presenting 1.74 % of uncertainty compared to the
experimental results. The chosen grid had the lateral cavity discretised
in 80X80X40 elements, in the streamwise (x-axis), spanwise (y-axis), and
vertical direction (z-axis) respectively (Fig. 3). Likewise, the main
channel was divided into 120X120X40 elements. The maximum time-
averaged non-dimensional wall distance in the domain was y" = 5.93
in the spanwise direction and z* = 1.99 in the vertical direction, and the
spatial-averaged distances were yive ~ 1.64 and zj,. = 0.68. Thus, the
first grid off the wall is within the viscous sub-layer in the domain. The
simulation was calculated on 48 cores [2 x Intel Xeon E5-2670v3
(Haswell) at a base clock of 2.3 GHz] in average 100 s of the flow was
calculated in 15.58 h of real time. The fastest simulation (a = 0 %) ran in
approximately 55 h and the longest (a = 10.65 %) in 442 h.

Table 1
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3. Results and discussion
3.1. Validation of the porous media model

Validation of the porous media model using turbulence statistics was
not possible, as Xiang et al. (2019) only provided quantitative data for
the average streamwise velocity. In order to enhance confidence in our
porous media model, we also employed a cylinder-based representation
of the vegetation inside the cavity, following the approach of Xiang et al.
(2019). Fig. 4 illustrates the comparison between the two methods for
representing the vegetation within the cavity. It can be observed that the
most significant flow characteristics of interest in this study (e.g., flow
circulation pattern and regions of low turbulent kinetic energy (TKE))
were successfully captured using the porous media simulation. How-
ever, the porous media model was unable to reproduce the small-scale
turbulence characteristics near the cylinders. Our results also demon-
strated qualitative agreement with the contours presented by Xiang et al.
(2019) (e.g., turbulent kinetic energy contours in Fig. 6 of their paper),
particularly in terms of the regions of elevated TKE within the mixing
layer between the main channel and the cavity, as well as inside the
cavity, in terms of magnitude and general distribution. Finally, it is
worth noting that although the model has been validated for the hy-
drodynamic aspect, it has not undergone validation for mass transport.

3.2. Flow hydrodynamics

Fig. 5 shows streamlines of the time-averaged horizontal flow and its

magnitude vu2 +12/U inside the cavity at z/H = 0.6 for all vegetation
densities. The flow in the main channel goes from left to right. For a =
0 to 0.66 % (Fig. 5a—e), a primary anti-clockwise gyre was formed in the
cavity, accompanied by a small secondary gyre near the upstream inner
corner. Since the secondary gyre had no direct contact with the main
channel, it was driven by momentum transfer from the primary gyre.
The outer parts of the recirculation zones had high velocities, while the
inner areas of the recirculation regions had extremely low velocities. As
vegetation density in the cavity increased, the centre of the main gyre
shifted towards the cavity-channel interface at the downstream corner
and lost its shape (Fig. 5a—f), as also seen in Xiang et al. (2019). A
transition in flow pattern was observed from a = 1.99 to 3.99 %
(Fig. 5g—j). For a > 3.99 % (Fig. 5k-n), two gyres in direct contact with
the main channel could be observed. The upstream gyre was anti-
clockwise, while the downstream gyre was clockwise. As vegetation
density continued to increase, the downstream gyre grew, occupying
most of the interface between the main channel and the cavity
(Fig. 5k-n). The velocity magnitude was almost zero very close to the
interface (y/W < 0.2) as a consequence of increasing flow blockage. The
increase of the vegetation density tends towards an asymptote as a =

Vegetation levels and the calculated Darcy-Forchheimer coefficients, where a (%) is the vegetation density, d (1/m2) is the viscosity drag coefficient, f (1/m) is the
inertial coefficient and dj, (m) is the hydraulic diameter. Spatially averaged values of Peclet number for each vegetation.

Case a (%) Horizontal direction (x and y-axis) Vertical direction (z-axis) Peclet
d (1/m?) f(@1/m) dy, (m) d (1/m?) f(1/m) Spatially averaged
0 0 0.00 0.00 0.00 0.00 0.00 1.87
1 0.13 116.53 3.09 0.7624 0.0004 0.006 1.48
2 0.16 182.25 3.87 0.8265 0.0006 0.007 1.29
3 0.33 753.83 7.89 0.3902 0.0111 0.03 1.06
4 0.66 3002.72 15.82 0.1846 0.198 0.19 0.79
5 1.33 12344.01 32.40 0.0836 3.98 0.58 0.55
6 1.99 28276.04 49.53 0.0515 23.96 1.44 0.42
7 2.66 51244.51 67.36 0.0360 88.96 2.81 0.34
8 3.33 81917.57 86.06 0.0269 254.97 4.80 0.29
9 3.99 120314.00 105.38 0.0210 613.12 7.52 0.25
10 4.66 167095.86 125.49 0.0169 1314.11 11.13 0.25
11 5.32 223190.20 146.57 0.0139 2602.53 15.83 0.21
12 7.99 546724.99 239.43 0.0072 23702.83 49.85 0.17
13 10.65 1061150.94 348.58 0.0041 140829.09 126.99 0.14
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Fig. 2. Ensemble-averaged streamwise velocity in the cavity at z2/H = 0.6 for a = 0.13 % (the x direction was spatially averaged into a single value), where U is the
bulk velocity in the main channel and W is the cavity width. y/W = 0 is at the interface between the lateral cavity and the main channel. The maximum difference
between numerical and experimental results was 1.74 %. Coarse grid, with 639,680 elements (dotted magenta line); medium grid, with 1,408,000 elements (solid red
line); fine grid, with 3,132,800 elements (dot-dashed blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Fig. 3. Computational grid in all cases: a) mesh in the free-surface plane, b) mesh in a horizontal plane near at the downstream portion of the interface and c) mesh in

the vertical plane.

100 % corresponds to a wall with the no-slip condition, which is the
reason for the low velocity magnitudes as the vegetation density
increased.

The time-averaged horizontal velocity field (contour plot and
streamlines) in the cavity for different vegetation densities near the free
surface, near mid-depth, and near the bottom, demonstrated the non-
uniformity of the velocity over the depth (Fig. 6). At the bottom of the

cavity, flow velocities were in general lower than the rest of the depth
due to the presence of the no-slip wall. The flow pattern in general was
the same over depth, but the centre of the recirculation region shifted its
position.

The non-uniformity in the flow was more pronounced at the interface
between the main channel and the cavity. If close to the bottom and the
free surface, the flow was predominantly oriented from the channel
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Fig. 4. Comparison of the representation of the vegetation inside the cavity using porous media model and cylinders. (a) Time-averaged superficial velocity contours
at z/H = 0.6, and (b) TKE contours at z/H = 0.6. On the left the cylinders configuration and on the right the porous media configuration.

toward the cavity (Fig. 7). Between the bottom and the free surface, the
transverse velocity was oriented predominantly from the cavity toward
the channel over most of the interfacial length (Fig. 7). The non-
vegetated case was consistent with Engelen et al. (2021). For the cases
with non-vegetation and low vegetation density (Fig. 7a,b), this trend
was reversed at the downstream part of the cavity, while for the cases
with high vegetation density (Fig. 7d—f), this trend was reversed at the
upstream part of the cavity. As vegetation density increased, the
magnitude of the entrance velocity gradually decreased due to the
blocking effect of the vegetation.

The shear or mixing layer is formed by the velocity gradient that
exists across the interface of the main channel with the cavity. The
thickness § (m) of this mixing layer (Mignot et al., 2016) is defined as:

_ Un () — (%)

/3T 12

where, u. and uy,, (m/s) are the time-averaged streamwise velocities at
the interface, in the cavity and the main channel. These velocities were
extracted where the velocity gradient was negligibly small, i.e., lower
than 0.5 s~! (Mignot et al., 2016; Xiang et al., 2020). |0u/0y|max repre-
sents the maximum velocity gradient at each x position along the

interface. Fig. 8a shows the evolution of the ensembled averaged
thickness layer in the streamwise direction. Firstly, the thickness layer
was spatially averaged along the y-axis and further, it was averaged
along the depth (2).

Overall, the mixing layer increased in the downstream direction for
x/L < 0.8. For x/L > 0.8 the thickness of the shear layer decreased due
to a local increase of the maximum velocity gradient, a consequence of
the presence of an adverse pressure gradient near the downstream
corner of the cavity, which is consistent with the observations of Mignot
etal. (2016) and Xiang et al. (2020) for groyne fields. The increase in the
vegetation density diminished the thickness of the mixing layer, due to
the increasing blockage that limited the entrance of flow into the cavity
(Fig. 8 a, b). This phenomenon was notably evident for a > 3.99 %,
whereby growth inhibition occurred within a delimited segment of the
cavity width (§/W < 0.05). Moreover, the predominant trend adhered to
the maximal thickness, as the mixing layer became constrained to the
vicinity of the interface region. These findings suggest that the presence
of vegetation in cavities influences the characteristics of the shear layer
at the interface between the main flow and the cavity, similar to the
observations made by Xiang et al. (2020) in groyne fields. It is worth
noting that extrapolating the experimental results by Sukhodolov et al.
(2017), at the same density a = 0.13 %, we found that vegetation
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Fig. 5. Mean 2D streamlines of different vegetation densities at the horizontal plane z/H = 0.6 inside the cavity volume: a) a =0, b) a = 0.13 %, ¢) a = 0.16 %, d) a
=0.33%,e)a=0.66%, ) a=1.33%,g)a=1.99%,h)a=2.66%,i)a=3.33%,j)a=3.99%,k)a=4.66%,1)a=>5.32%, m)a="7.99 % and n) a = 10.65 %.

decreased in 12 % the thickness of the mixing layer, compared to the
non-vegetated case. A comparable decrease of 18.9 % was observed, in
the present numerical study, while for higher densities the reduction
was higher.

Fig. 9 shows the time-averaged vorticity magnitude (normalised by
U/H) at z/H = 0.6. The vorticity magnitude Q (s™1) is defined as:

Q=Vxu (13)

The vorticity remained high along the shear layer (Fig. 9), indicating the
production of high turbulent energy (Juez et al., 2018a), and the pres-
ence of coherent structures (Mignot and Brevis, 2020; Xiang et al.,
2020). The vortical structures grew along the shear layer, impinging on
the downstream edge of the cavity, resulting in the entrainment of
vorticity into the cavity. The vorticity in the upstream region (x/L <
0.3) was much greater than in the downstream region (x/L > 0.3). Xiang

et al. (2020) attributed this greater vorticity at the upstream region to
the presence of small-scale eddies that are generated by the high velocity
gradient between the cavity and the main channel with high rates of
rotation. As observed further by Xiang et al. (2020), the vorticity
decreased as these eddies merged and migrated downstream, and as low-
vorticity water from the inside of the cavity was introduced into them.
Since with the increase in vegetation density, the momentum exchange
across the interface diminished, only a smaller amount of low-vorticity
water entered the shear layer from the cavity, enhancing the interfacial
vorticity. This result is consistent with that observed by Xiang et al.
(2020) for groyne fields. Inside the cavity, higher vorticities were
attached to the wall, particularly on the downstream wall. As the
vegetation density increased, the levels of vorticity inside the cavity
decreased. For a = 10.65 % (Fig. 9 d), for example, the vorticity inside
the cavity was almost zero.
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Fig. 6. Mean 2D streamlines of different vegetation densities at z/H = 0.2, 0.4 and 0.8, inside the cavity volume and contour of the time-averaged velocity at the

interface: a) a = 0, b) a = 0.66 %, ¢) a = 4.66 % and d) a = 10.65 %.

The turbulent kinetic energy (TKE) in a LES simulation is defined as:

TKE = 0.5tr(R) +0.5tr(u() a4

where tr is the trace operation (sum of all the main diagonal terms of the
Resolved and Modelled Reynolds Stress Tensor), R (m?/s%) is the
modelled Reynolds stress tensor and u (rnz/sz) is the resolved Reynolds
stress tensor. A time averaged TKE distribution, normalised by U?, is
presented in Fig. 10. The values of TKE remained high throughout all
interface, compared to the cavity volume, due to strong shear and tur-
bulence at the shear layer, and an intermittent process of coherent
structures entrance along the interface (Mignot and Brevis, 2020; San-
doval et al., 2019). The lower density cases (@ < 0.66 %) presented
higher TKE inside the cavity due to the additional Kelvin-Helmholtz
(KH) instabilities at the shear layer between vegetation and the main
channel (Nepf, 2012b; Xiang et al., 2019). For a > 0.66 %, the mo-
mentum dissipation imposed by the vegetation limited the growth of the
shear layer inside the cavity at a higher rate than the initial KH in-
stabilities, which led to a decrease in TKE levels. In general, the level of

TKE decreased downstream along the shear layer due to the dissipation
that happens when water with low TKE is transferred from inside the
cavity into the shear layer (Xiang et al., 2020). The turbulent structures
that entered the cavity near the downstream edge lost TKE intensity as
they were advected along the downstream wall and along the outer layer
of the gyre. TKE was low inside the cavity. As vegetation density
increased, the values of TKE inside the cavity decreased, being almost
zero for a > 3.99 % (Fig. 10 ¢ and d). This is due to the increased drag
force of vegetation, which drops the high turbulent vortices carried by
the inlet flow.

In summary, vegetation density significantly influences the hydro-
dynamics of flow within a cavity. Low vegetation density induces a
prominent single gyre pattern within the cavity, while high vegetation
density exhibits a dual gyre pattern. Sparse vegetation facilitates full
penetration of cavity flow, whereas dense vegetation almost entirely
isolates the cavity from the main channel flow, with only a small con-
nected region near the interface. The mixing layer thickness is greater
for low vegetation density than for high vegetation density. Sparse
vegetation generates flow with pronounced vorticity and turbulent
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Fig. 7. Time-averaged velocity (y-direction) contour of the transversal velocity along the interface plane: a) a =0, b) a = 0.13 %, ¢) a = 0.66 %, d) a = 3.99 %, e) a

= 4.66 % and f) a = 10.65 %.
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Fig. 8. Longitudinal distribution of the ensemble averaged mixing layer thickness spatially averaged at the z-axis.

kinetic energy (TKE) within the cavity, whereas dense vegetation leads
to nearly negligible vorticity and TKE. As will be elucidated in the
subsequent sections, this distinctive hydrodynamic behaviour for cav-
ities with low and high vegetation density has implications for solute
transport across the cavity/main channel interface, sediment transport,
and channel resistance. Further investigations are warranted to explore
the versatility of this threshold value (a = 3.99 %), as this study focused
solely on its application under a specific flow condition and cavity
design.

Nevertheless, although we did not investigate other cavity configu-
rations (e.g., cavities with different W/L ratios), it is possible to infer

that for cavities with sparse vegetation, the influence of cavity geometry
will be primary, while the influence of vegetation density will be sec-
ondary. This is because even though the intensity of velocity, turbu-
lence, and vorticity is reduced with increasing vegetation density, the
overall pattern remains approximately the same for sparse vegetation.
This similar pattern of hydrodynamic behavior has also been observed in
other studies, such as that of Xiang et al. (2019). In this case, for
example, if the cavity has a W/L ratio between 0.6 and 2, a single
recirculation pattern is expected, approximately circular and occupying
the whole cavity, similar to what occurs without vegetation, but with
reduced intensity of velocity, turbulence, and vorticity as vegetation
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Fig. 9. Time-averaged vorticity at z2/H = 0.6. a) a

density increases. On the other hand, for dense vegetation, the flow is
completely dominated by the resistance offered by the vegetation and is
practically non-existent in the interior of the cavity, except for a very
thin region near the interface. In this case, the effect of vegetation
density will be of primary importance when compared to the effect of
cavity geometry. Thus, if, for example, the cavity has a W/L ratio be-
tween 0.6 and 2, the geometry will only have a potential effect on the
interfacial layer, but will not be relevant in the rest of the cavity.

3.3. Mass exchange between the cavity and the main channel

The interactions between the shear layer, the gyre within the cavity,
and the main channel are critical in understanding mass transfer be-
tween the channel and the cavity. To characterise the interfacial mass
exchange, one-dimensional transport models based on the dead zone
theory were used (e.g., Uijttewaal et al., 2001). They assume exponen-
tial decay of the mean concentration (mass of tracer inside cavity) in the
form:

C(t) = COeXP( - t/T!raL‘er) (15)
w
= 1
k TracerU ( 6)

where Cp = 1 is the initial concentration inside the cavity, t (s) is time,
Tiracer (8) is the characteristic decay time, and k is the nondimensional
exchange coefficient related to Tirgcer- The value of Tyqcer was obtained
by fitting Eq. (15) to the volumetric-averaged tracer concentration
calculated at each timestep inside the cavity. The fitting was calculated
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with a non-linear least square method (Weitbrecht, 2004) (Fig. 11 a, b).
This method gives a single, unique time scale for the entire time series
(Drost et al., 2014). The mean retention time increased as vegetation
density increased (Fig. 13). There is a change in slope of the mean
retention time for a ~ 3.99 %. The change in mean retention time with
vegetation intensity was higher for a < 3.99 %, when compared with a
> 3.99 %. For a < 3.99 %, the exchange velocity k drops off quickly with
increasing vegetation density a. For a > 3.99 %, k was small, but not
zero, and decreased slowly as a increased.

Using the first-order model, a single time scale fully defines the time
series of concentration in the cavity. However, our results showed that
the cavity can be approximated as a first-order system only for early time
for a > 3.99 %. For late times, a second time scale was present, which
was confirmed by the change in the slope of the concentration decay.
This is consistent with results found in the literature (Constantinescu
et al.,, 2009; de Oliveira and Janzen, 2020; Engelhardt et al., 2004;
Kozerski et al., 2006; Gualtieri et al., 2010; Gualtieri, 2008). This
behaviour was confirmed with the tracer contour at different flow times,
fixed with the volumetric averaged concentrations of 75 % and 25 %
that clearly indicated the different regions where the tracer cloud was
trapped for both a = 0.13 % and 3.99 % (Fig. 12). Also, it highlights
developments in tracer spread. A value of a = 3.99 % was the transition
from advection to diffusion dominated (Peclet Number = Hv/Dy = 1,
where v is the time-averaged velocity in the y-axis and Dy is the effective
diffusivity). Peclet numbers were computed individually at the centre of
each cell, subsequently undergoing an averaging process within the
lateral cavity. Thus, the exchange process cannot be represented
completely as a first-order system, being necessary at least a two-zone
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Fig. 10. Time-averaged turbulent kinetic energy at z/H = 0.6. a) a = 0, b) a = 0.66 %, c¢) a = 4.66 % and d) a = 10.65 %.
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Fig. 11. Volumetric-averaged tracer concentration decay inside the lateral cavity vs time: a) a = 0.13 % and b) a = 3.99 %.

model (Fig. 11 b). Drost et al. (2014) suggested that the mean concen-
tration in the cavity could be expressed as

C(1) = kyexp(—t/T,) + (1 — k, )exp(—t/T}) 19
where ky, is a weighting factor, T}, (s) is the primary time scale and T; (s)
is the secondary time scale. A SciPy Python-based global optimization
code employing the bounded version of the differential evolution algo-
rithm was employed to minimize the filtered squared difference between
the tracer’s temporal evolution and the two-slopes model. The second-
ary time scale, T;, was 1.1 to 8.1 times larger than the primary time
scale, T, indicating the presence of at least two distinct time scales
within the cavity, as stated above, particularly for increasing values of
vegetation density (a > 3.99 %) (Fig. 13). Both time scales increased
with a, with the primary time scale governing mass exchange with the
main channel at early times, while the asymptotic behaviour of the
concentration at later times was dominated by the secondary time scale,

12

in alignment with Drost et al. (2014). The shift from a single slope to a
two-slope tracer decay is evident at a critical threshold value of a = 3.99
%. This alignment is consistent with the rapid decrease in the Peclet
number (Pe) for a < 0.33 %, signifying advection-dominated transport,
and the slower decrease for a > 3.99 %, indicating diffusion-dominated
transport (Table 1). Notably, this threshold of vegetation density holds
potential as an informative indicator for river managers, highlighting
the importance of undertaking maintenance actions to ensure the
effectiveness of mass exchange processes.

Fig. 13 highlights the variation of the mean retention time with
increasing vegetation density (a). Similar to Xiang et al. (2019), there
was a deviation in the mean retention time curve near a ~ 0.33 %, which
was associated with the plant-induced Karman vortex street and Kelvin-
Helmholtz (KH) eddies (Nepf, 2012b). These phenomena resulted in a
decrease in the k decay rate, with vegetation blockage emerging as the
dominant factor. These findings align with the measurements of
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Fig. 13. Mean retention time vs vegetation density, where Tiracer is the globally adjusted function, T, is the primary mass exchange in the two-slopes adjusted
function and T; is the secondary mass exchange in the two-slopes adjusted function.

dissolved oxygen exchange between the main channel and cavity for
various cavity aperture areas reported in Sanjou et al. (2018).

The variation of residence time with vegetation density is an
important result of this study. The phytoplankton growth, for example,
is directly related to retention time in dead zones (Engelhardt et al.,
2004). Low residence times may not be sufficiently long for the main-
tenance of local phytoplankton reproduction, while high residence times
may enhance phytoplankton abundance (Engelhardt et al., 2004).
Reynolds et al. (1991), for example, reported concentrations of alga
chlorophyll up to 40 times higher in a dead zone than in the main

13

channel of the River Severn, UK; while Engelhardt et al. (2004) observed
retention time values which were insufficient for significant phyto-
plankton growth. Hence, cavities with low vegetation density and resi-
dence time could not be appropriate for phytoplankton growth; but as
the vegetation density increases, and consequently the residence time,
the cavity would be more promising for phytoplankton growth.
Finally, the increase in vegetation density may affect water quality
inside the cavity since it affects both the residence time inside the cavity
and at the rate of mass supply from the main channel to the vegetation
inside the cavity. The longer pollutants remain in the cavity, the more
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pollutants are removed through the vegetation. In this case, cavities with
vegetation with higher density could remove more pollutants. However,
mass removal within the vegetated cavity is also influenced by the
amount of mass supplied to the vegetation inside the cavity. As the mass
exchange decreases toward zero with the increase of vegetation density,
even though the residence time can become very long, the mass removed
by the vegetation will approach zero, because no mass is delivered into
the vegetated cavity.

3.4. Sediment deposition

Regions of sediment deposition are frequently associated with re-
gions of diminished TKE and velocity. Ouro et al. (2020), for example,
found a correlation between low TKE levels and vertical velocity and
sediment deposition in channel lateral bank cavities. Specifically, sedi-
ment deposition was observed where the absolute value of z-velocity (w)
was below 1 % of the bulk velocity (-0.01 < w/U < 0.01). Additionally,
Ouro et al. (2020) observed that these deposition areas tended to coin-
cide with regions characterized by low turbulent kinetic energy (TKE)
values. The criterion for defining “small” TKE values was derived from
our analysis based on Fig. 15 of Ouro et al. (2020), where TKE/U2 was
generally found to be < 0.003 at the horizontal plane XY at z/H = 0.01.
These velocities and TKEs were connected to a mean sediment diameter
of 0.2 mm, which is in the range of non-cohesive fine sediment,
0.062-0.5 mm, and can be found, for example, in the Rhone River (Juez
et al.,, 2018a). The sediment density was 1,160 kg/rne'. In scenarios
characterized by dense vegetation, a supplementary criterion has been
introduced to delineate the region of sediment deposition. Given that
velocity fails to penetrate beyond approximately 0.20 W from the
interface, sediment deposition is correspondingly constrained within
this specified distance. Fig. 14 displays the computed deposition area
across varying densities of vegetation, wherein regions of deposition are
denoted by the colour black. Notably, the introduction of an supple-
mentary criterion for sedimentation is manifested by a delineating red
line, serving to demarcate the sector in which sedimentation is exclu-
sively permissible below said demarcation. The increase of vegetation
density resulted in settling of sediment throughout almost the entire
cavity. For a > 2.66 %, the only region where the TKE levels were high
enough to prevent settling was in the inner mixing layer, which
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gradually diminished with the increase of vegetation density (Fig. 8). In
the non-vegetated case, the sediment deposition occurred mainly at the
centre of the gyre, in accordance with (Juez et al., 2018a,b; Sukhodolov
et al., 2002). It is important to note that we interpreted the flow pattern
(vertical velocity and turbulent kinetic energy) in terms of implications
for deposition, but there are other factors that play a significant role in
sediment deposition, such as bed morphology, flow regime, seasonal and
climatic variations, and biological interactions. Our findings add to the
investigations by de Oliveira et al., (2022a), where they systematically
demonstrated the consistent influence of vegetation on sediment trans-
port patterns and motion characteristics within the entire cavity. Their
study revealed a persistent correlation between increased vegetation
density and the facilitation of sediment deposition or restriction of
movement within the cavity. This observed correlation is not universally
evident across all sediment grain sizes in a vegetation-free cavity. As
posited by de Oliveira et al., (2022a), the presence of vegetation en-
hances the protective mechanism against sediment mobilization,
potentially making substantive contributions to the maintenance of
main channel depths and the entrapment of contaminants adhered to
sediment particles. Furthermore, sediment transport is also affected by
the shape of the lateral cavity, both in non-vegetated conditions (de
Oliveira et al., 2022b) and vegetated conditions (de Oliveira et al.,
2023Db). These studies showed that regardless of the shape of the lateral
cavity, the presence of vegetation continues to facilitate sediment
deposition.

3.5. Flow resistance

The bed shear stresses in relation to the transverse distance for
different vegetation densities within the cavity are illustrated in
Fig. 15a. At the interface, the bottom shear stress rises rapidly from its
low value within the cavity to a peak in the main channel immediately
after the interface. The maximum bottom shear stress value is lower for
cavities with sparse vegetation compared to cavities with dense vege-
tation. Beyond the peak, as one moves away from the interface and into
the main channel, the bottom shear stress slightly decreases, then rises
again towards its value within the main channel “core”.

The presence of the cavity results in an average increase in bottom
shear stress ranging from 0 to 1.5 times that of a channel without a

d)

Fig. 14. Estimates of the sedimentation fields based on the Turbulent Kinect Energy (TKE) and on the z-axis velocity (w). Sedimentation occurs in black areas below

the red line. a) a = 0, b) a = 0.66 %, ¢) a = 2.66 % and d) a = 5.32 %.
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Fig. 15. Bed shear stresses a) as a function of transverse distance for varying vegetation densities and b) averaged bed shear stress versus density at the interface. All
bed shear stress values have been non-dimensionalised with respect to those observed in a channel characterised by equivalent flow conditions, albeit lacking a

lateral cavity.

cavity (Fig. 15b). As vegetation density within the cavity increases, the
bottom shear stress experiences a rapid rise until a density of 1.99 %, at
which point its value becomes constant. Our findings are consistent with
the results obtained by Valyrakis et al. (2021), who investigated the
impact of increasing riverbank vegetation density on flow dynamics in
an asymmetrical channel. They observed a progressive overall rise in
near-bed shear stresses with increasing riverbank vegetation densities.
For example, for vegetation densities ranging between 0.06 % and 0.08
%, the bed shear stress was 1.17 times that of the case without vegeta-
tion, and for densities between 0.55 % and 0.99 %, the bed shear stress
was 1.48 times that of the case without vegetation. These outcomes
illustrate that the presence of the cavity, along with the enclosed vege-
tation, leads to the redistribution of flow across the cross-section,
inducing changes in bottom shear stress. These results demonstrate an
increased likelihood of bed material transport within the main channel
as vegetation density increases inside the cavity. Such processes could
contribute to the deepening of the main channel.

Furthermore, in the absence of a cavity, an additional source of
resistance emerged from the lateral wall at the precise location where
the cavity was subsequently introduced. Conversely, in the scenario
featuring a cavity, the prevailing flow resistance can be attributed to the
interfacial shear stress at the junction between the cavity and the main
channel. The introduction of the cavity imparts a pronounced increase in
lateral stress, surpassing the lateral stress within a cavity-free channel by
more than 11-fold (Fig. 16). Furthermore, with the augmentation of
vegetation density within the cavity, the lateral stress exhibits a
discernible escalation, culminating upon reaching a density of 1.33 %, at
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Fig. 16. Averaged shear stresses at the main channel / cavity interface as a
function of vegetation densities.
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which juncture the magnitude of the interfacial shear stress attains a
stable state. Consequently, the influence of cavities extends beyond the
alteration of bottom flow resistance solely within the main channel; it
also substantially impacts lateral flow resistance. This phenomenon
designates the cavity as a significant macro-roughness structure posi-
tioned along the channel banks (Meile et al., 2011).

4. Conclusion

The current study investigated hydrodynamics, mass exchange and
sediment transport in lateral vegetated cavities in an open channel.
Large eddy simulations was used to calculate the hydrodynamics of the
flow, the mass transport was described a tracer calculated with the
advection—diffusion equation (ADE), and the sediment transport was
inferred with correlations using the turbulent kinetic energy (TKE). The
vegetation density was in the range from a = 0 to 10.65 %. It was
demonstrated that vegetation density has a strong influence on hydro-
dynamics and mass transport. One important vegetation density
threshold was identified, namely a = 3.99 %. Two major, different hy-
drodynamics and mass transfer patterns were found.

For cavities with low vegetation density (a < 3.99 %), we observed
one primary gyre in contact with the interface between the main channel
and the cavity and the velocity inside the cavity was generally high. The
thickness of the mixing layer could grow longitudinally along the
interface, while regions with high vorticity and turbulence kinetic en-
ergy were observed at the interface and inside the cavity. The mass
transfer was governed by advection. Sediment deposition was found
mainly at the centre of the gyres, regions with low vertical velocity and
turbulence.

For cavities with high vegetation density (a > 3.99 %), we observed
two primary gyres in contact with the interface between the main
channel and the cavity and the velocity inside the cavity were low and
near zero. The thickness of the mixing layer could not grow longitudi-
nally along the interface, while vorticity and turbulence kinetic energy
inside the cavity were low and near zero. Conclusively, the process of
mass transfer was primarily dictated by diffusion mechanisms, while
sediment deposition predominantly manifested across the entirety of the
cavity due to the persistent low vertical velocity and turbulence. The
hindrance imposed by vegetation impeded sediment mobility. More-
over, the presence of vegetation contributed to the elevation of bed
shear stresses within the main channel, particularly evident in regions
proximal to the interface between the main channel and lateral cavity.

This investigation has demonstrated that the presence of vegetation
induces a discernible elevation in macro-roughness, consequently aug-
menting lateral shear stress. Notably, this augmentation attains a quasi-
constant state within denser vegetation configurations. In conclusion,
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this study offers valuable insights that can furnish managerial practi-
tioners with essential guidelines, delineating the ramifications of vege-
tation proliferation upon the longitudinal transport of mass within
natural systems.
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