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Abstract

Turbulent structures generated by vegetation patches play a dominant role in the dispersion of
suspended sediment, which in turn is of great significance for ecosystem cycling and river
geomorphology development. High fidelity Large Eddy Simulations (LES) coupled with the
Discrete Phase Method (DPM) were used to explore the particle distribution and its variance
(the non-uniformity in temporal and spatial space) in a partially vegetated straight channel.
The novel findings and conclusions are outlined here. Firstly, the contour of the vertical
vorticity component coincides well with particle preferential gatherings in the outer edge of
the mixing layer in the near-bed region. Large-scale turbulent structures grow in mixing layer
along the side of a vegetation patch (VP), which deplete particles away from the mixing layer
into the neighbouring region. Also, higher vegetation densities (Dn) promote this depletion
trend. Secondly, the Probability Density Function (PDF) and its variance were defined to
quantify these phenomena, illustrating that the VP continuously interrupts the flow condition
and promotes higher non-uniformity of particle distribution among the vegetated and non-
vegetated regions. The variance of the PDF in the non-vegetated region is significantly higher
than that in the neighbouring vegetated region located in the same streamwise location. The
particle parcels are highly unevenly located along the periphery of the large eddies and are
exchanged by the mixing flow between the non-vegetated and vegetated regions. Finally, the
vertical entrainment of particles occurs in the vegetated region of the present cases. This is
because the horseshoe structures provide an upwards velocity for the current Dn conditions
(Dn<0.1) and an increase of Dn (Dn<0.1) accelerates the upward suspension. These findings

complete our understanding of particles’ transportation in both spanwise and vertical
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1. Introduction

Aquatic vegetation plays critical functions in an ecosystem of river networks and coastal
regions by absorbing organic matter, producing oxygen, and supporting habitat diversity
(Follett and Nepf, 2012, Rominger et al, 2010, Kemp et al., 2000). The flow resistance of
vegetation dramatically decreases the flow velocity, resulting in a reduction in bed shear
stresses (Stephan and Gutknecht, 2002). Vegetation patches (VPs) or riparian vegetation
strongly alter turbulent structures, which is indicated by water flumes experiments partially
covered by artificial vegetation (Chen etal., 2011) or by observations in natural rivers occupied
by real-scale vegetation (Zhang et al., 2020, Cameron et al., 2013, Leonard et al., 2006). The
turbulent structures generated by real aquatic plants are far more complex than that of artificial
cylinder array (Zhang et al., 2020). In the vegetated region, a lower spatial-averaged velocity
field occurs, compared to the non-vegetated channel region although it usually experiences a
higher turbulent kinetic energy which may transfer bedload to suspended load (Tseng et al.,
2021, Zhang et al., 2020, Yang, et al., 2016, Ortiz et al., 2013). Some researchers (Luhar et al,
2008, Van Katwijk et al., 2010, Lawson et al., 2012) observed the resuspension effects of VPs in
natural waterways apart from the deposition effects of VPs, as found by other researchers
(Ward et al, 1984, Garcia et al., 1999, Terrados and Duarte 2000, Gacia and Duarte, 2001, Agawin
and Duarte, 2002). Nonetheless, vegetation regions contain more particles and nutrient

contents because of retention effects (Clarke and Wharton, 2001, Larsen et al., 2009).

During a long period of sediment retention and deposition, the morphology of a riverbed

eventually changes. The presence of vegetation can stabilize a channel bed in the vegetated
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region and promote the growth of landform (Corenblit et al. 2007). Nevertheless, an erosion
event can also occur in the leading and side edges of VP (Kim et al, 2015, Follett and Nepf, 2012).
This is because the diverging flow bypasses the leading edge and speeds up in the nearby non-
vegetated channel (Huai et al.,, 2015). Many researchers (Curran and Hession, 2013, Mars et al,,
1999, Pollen and Simon, 2005) argued that river restoration and management could take
advantage of the ecological and physical functions of aquatic vegetation, and research on
vegetation flow was meaningful and urgent. For example, better insights of the flow and particle
dynamics mechanism can help to implement a new national development strategy for the
biggest sandy river in the north of China, i.e., the Yellow River Basin Ecological Protection and
High-quality Development (China, 2019). However, the understanding of the interactions
between the flow, vegetation and sediment transport is still limited, especially for partially
vegetated channel flow with heterogeneous riverbed roughness which is ubiquitous in nature.
Previous studies on vegetated sandy flow mainly focused on the vertical concentration profile
of suspended load above a uniform canopy (Li et al., 2020, Huai et al., 2020, Huai et al., 2019,
Lu, 2008, Lopez and Garcia, 1998), and were quite limited on the investigation of the horizontal

distribution of the suspended load in a partial vegetated channel flow.

Constructive results for the long-term sedimentation effect on the morphodynamics in a
partially vegetated river have been achieved for both off-bank and bankside VPs. The off-bank
VP located in a central channel was usually simplified into a porous cylinder (Zong and Nepf,
2012). The effects of bleeding flow and wakes behind the VP on sediment transport were the
focuses of previous studies (Kim et al., 2015, Ortiz et al., 2013, Zong and Nepf, 2012, Rominger
et al.,, 2010). The bleeding flow was generated by the streamwise incoming flow penetrating
through the vegetation patch. These bleeding flows always lead to a delay in the onset of vortex
shedding. As the vegetation density (Dn) increased, the beginning point of the vortex shedding

point approached the patch, but the deposition location of particles moved downstream (Follett
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and Nepf, 2012).

Previous investigations focused on the bankside VP located along a channel bank. The
hydrodynamics and turbulent structures have been carefully studied (Huai et al., 2015, Nepf,
2012, White and Nepf, H. 2008, White and Nepf, 2007) to enhance the understanding of
sediment transportation in the VP. Two main features of the flow were identified. (1) The
diverging flow at the leading edge. (2) The mixing layer development as affected by Kelvin-
Helmholtz instability (Zong and Nepf, 2010). Due to these features, the spatial distribution of
net deposition in the VP is dominated by the streamwise flow advection and the spanwise flow
dispersion governed by diverging flows and mixing layer vortices, respectively. However, in
both types of VP locations (bankside and off-bank), previous studies (Gu et al., 2019, Liu and
Nepf, 2016, Bertoldi et al, 2015, Follett and Nepf, 2012) mainly discuss the change of the
riverbed morphology rather than the particles’ suspending process interaction with the mixing
layer turbulence structures and wakes of stems, which are key processes determining the
concentration of nutrients, organic particles as well as sediment final deposition. The current
study focusses on the dispersion process of the suspended particles in a turbulent mixing layer

produced by a bankside vegetation patch.

The study on short-time sediment transport events, i.e., the instantaneous interactions between
the particles and 3-dimensional turbulent structures generated by the riparian vegetation is
quite limited. This may be due to challenges imposed by physical experiments and numerical
simulations. It is computationally and experimentally expensive to track millions of tiny
particles’ motion in a complex geometry flow field while visualizing turbulent structures in a
flume. Thus, previous experiments (Wang et al., 2016, Lu, 2008) only focused on the
relationship between a space-averaged concentration distribution to the time-averaged flow

field. They ignored the instantaneous turbulent information, and thus have provided
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insufficient data to unveil the nature of sediment-turbulent-plants interaction. In current study,
as supported by UK Turbulent Consortium, the national Tierl High Performance Computer
(Archer) is used to carry out computationally expensive but high-fidelity simulations, in order
to resolve the instantaneous turbulent flow field generated by bankside vegetation stems and

track the motions of 3x105~5x105 particles within it.

As for the numerical studies, the transportation of sediment can be modelled either in a
Lagrangian method or an Eulerian method, while the flow field is computed by the Eulerian
method. Most previous studies (Cheng et al., 2013, Lopez and Garcia, 1997) adopted an Eulerian
method that treated particles as concentration passive scalar and described the motion of
particle groups using concentration convection-diffusion equation. As proved by Graf and
Cellino (2002), this method can work well for fine sediment (Stk<<1) but introduce errors for
coarse-grain (or tiny-grain with Stk>1) dispersion prediction mainly because of neglecting the
time lag of particles following the flow (Zhong et al., 2015). The study of Hu et al,, (2002)
employing Lagrangian method demonstrated the significant effects of Stk on particles
dispersion in a 2-D mixing layer. Also, the determination of the sediment diffusion coefficient
in this equation is problematic. Although the effect of time lag between particles and flow
velocities can be modelled using an additional equation (Pilou et al., 2013), previous sandy flow
studies usually assume that the sediment diffusion coefficient equals to the turbulent eddy
diffusion coefficient, which means the motion of particles exactly follows the flow, but this
assumption is inaccurate as tested by Graf and Cellino (2002). The simplified 1-dimensional
concentration convection-diffusion equation is widely used in the vertical concentration profile
prediction (Huai et al,, 2020, Li et al., 2018, Lopez and Garcia, 1998), but still facing the problem

of sediment diffusion coefficient selection.

By contrast, the Lagrangian method uses the discrete nature of particles, involving the effects
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of inertia of particles, forces exerted by flow and other particles, and some kinds of Lagrangian
methods like Discrete Phase Model (DPM) and Discrete Element Model (DEM) excludes the
errors induced by the diffusion coefficient selection (Sun and Xiao, 2016, De Marchis etal,, 2016,
Jietal., 2014). In the present study, the DPM method without the selection of sediment diffusion

coefficient is adopted to predict the sediments’ dispersion in emergent plants.

Some research groups (Huai et al., 2019, Zhong et al. 2015, Fu et al. 2005) have successfully
implemented Lagrangian methods for investigating vegetated sandy flows, but those studies
still used a diffusion-coefficient-selection needed Lagrangian model. For example, Huai et al.,
(2019) adopted a stochastic Lagrangian model, i.e., Random Displacement Model (RDM) to
simulate suspended sediment concentration profile over submerged canopy. Good agreement
was achieved with experimental data, while the performance of that method was strongly
determined by the diffusion coefficient selection. By contrast, the DPM method was used to in
the current study does not require a pre-prepared determination or modelling of the diffusion
coefficient. Moreover, previous studies based on Lagrangian method were mainly focused on
the vertical concentration profile prediction, which still provided insufficient information on
the relationship between the particles’ preferential clustering and 3-demensional turbulent

structures along the vegetation-side region.

However, DPM or DEM numerical simulations are computationally expensive. Hence, most of
the previous DPM or DEM studies focused on the particle-laden flow in a simple geometry or a
low number of particles (Oh and Tsai, 2018, Sun and Xiao, 2016, De Marchis et al., 2016, Vreman,
2015). In current study, the particle-laden flow based on the DPM was conducted in a relative

complex geometry, where the grid-resolved vegetation stems occupy a large part of the channel.

Additionally, the effect of the vertical suspension effects of the VP needs further research.
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Previous research observed that dense aquatic vegetation increased sedimentation as relative
to the bare bed regions (Ward et al, 1984, Garcia et al., 1999, Terrados and Duarte 2000, Gacia
and Duarte, 2001, Agawin and Duarte, 2002). However, erosion and resuspension were
observed in sparse meadows (Luhar et al, 2008, Van Katwijk et al., 2010, Lawson et al., 2012).
Luhar believed that the solidity threshold indicator was around 0.1 if the drag coefficient was
assumed to be 1.0 (Nepf, 2012), which could be used to categorize the vegetation patch into a
sparse patch or a dense patch. For the sparse VP where the indicator value is below this
threshold, the flow and stresses are enhanced to resuspend particles near the bed region. Yet,
the relationship is still unclear between the density of VP and upward suspension effects in

sparse VP regime.

Other findings close to the present topic are briefly reviewed here as well. The initiation of
particle movement is determined by the impulse of turbulence forces. The duration of those
forces is also as important as their instantaneous magnitudes (Diplas et al., 2008). Then, during
the floating period, small-scale particles’ clusters appear because of the centrifugal effect
coming from the vortical structures in turbulent flows. These vortex structures tend to throw
the heavy solid particles from the vortex cores to the interstice (Marchis et al., 2016). Moreover,
turbophoresis is a key feature in a particle-laden flow, which describes particles having a
tendency to migrate from higher turbulent kinetic energy location to a lower one (Caporalini et
al., 1975). More recent research investigations discussing particles turbophoresis behaviour

near the wall can be found in Picano et al,, (2009), and Sardina et al., (2012).

In this paper, we mainly focus on fine suspended particles transport events in a straight channel
with a bankside vegetation. Firstly, qualitative and quantitative relationships are investigated
between particle preferential gathering locations and the transportation effects of turbulent

structure. Secondly, the evolution of particle parcels in spatial and temporal space is
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quantitatively studied. Finally, the upward suspension (upward entrainment) effects
dominated by the density of VP is discussed. The present research on the particle, turbulence
and structures will provide a better understanding as relevant for the long-term morphology
adaption in rivers but also for applications in chemical engineering, mining industry (Kuerten,
et al,, 2016) and atmospheric pollutant transport in the urban building canopy, where similar

interactions can happen.

2. Methodology

The Computational Fluid Dynamics-Discrete Phase Method (CFD-DPM) method is used to
resolve the flow field as well as the detailed motion history of suspended particles in the present
study. CFD-DPM is based on an Eulerian-Lagrangian framework where the motion of particles
is governed by Newton's second law, while the flow field is governed by the Navier-Stokes

equations.

In general, the CFD-DPM method can be summarized into two main categories based on the
resolutions of the particles’ boundary layer, namely, the resolved method and unresolved
method. As for the resolved CFD-DPM, the fluid field around each particle is resolved, even the
boundary layer and wakes of the particles are captured. In contrast, the unresolved CFD-DPM
considers particles as points and estimates the forces acting on particles using priori known
formulae. In this paper, the unresolved CFD-DPM (two-way coupled) method was used, because
the size of particles (5x10->~1x10-*m) is smaller than the Kolmogorov scale (1x10-4~5x10-4m)
in current flow conditions, the particle’s near flow field is integrated into the priori known force
formulae. The interactions between the flow, particles and walls are considered, but the
particle-particle collision is neglected as the volume fraction of the particles is less than 0.1%

of fluid volume (Crowe et al., 2011).



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

In previous research, CFD-DPM method has been successfully used to study particle-laden
flows in a straight channel with ripple or flatbed (Elghannay and Tafti, 2017, Kuerten, et al.,
2016, Ji et al., 2014, Chang and Scotti, 2003). Escauriaza and Sotiropoulos (2011) investigated
the effect of horseshoe vortical structures on particles transport around a cylinder pier.
Schmeeckle (2015) studied bedload transport over a backstep. However, to the best of our
knowledge, no further complex geometry was studied. Some other relevant topics were also
carefully discussed, including the influence of particle shapes (Zhao et al, 2015), the ratio of
density between particle to flow (Duran et al., 2012), as well as the instability problems of the
CFD-DPM method (Elghannay and Tafti, 2017) when the particle size is bigger than mesh sizes.

All these reviewed studies indicate that CFD-DPM is appropriate for this study.

2.1 Governing equations

Computational Fluid Dynamics and Discrete Phase Method (CFD-DPM) is used to conduct these
numerical experiments. The momentum transfer from the particle-phase to the fluid-phase is
implemented by adding the source term in the right-hand-side of the Navier-Stokes equation.
The interactions between the particle-fluid and particle-wall are considered in this multiphase
system. This system is solved by the OpenFOAM CFD-DPM solver. The governing law for the
fluid-phase is described by the continuity and the momentum Eqgs.(1,2) including the volume

fraction of the fluid-phase.
aaf

6(anf)
at

1
+ V- (apUpUf) = — VP =Sy + V- (arts) + arg, (2)
where as, t, Us,p, P, Sp, 75, g are the fluid phase fraction, time, fluid phase velocity, density of
fluid, pressure, volumetric fluid-particle interaction force, fluid-phase viscous stress tensor and

gravity, accordingly. Detailed expressions for S, and 7y are given in the study of Fernandes et

al, (2018).
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In this study, the particles are simplified as spheres, and the diameter of each particle is smaller
than the fluid-phase mesh size. The motion of the particles can be categorized into translation

and rotation. Those two kinds of particle motions satisfy Egs.(3,4).

dU.p n.c n’.“
mi—L =YL PG+ S FE+ L+ FY (3)
dw;  «nf M 4
i~ = Xjeq Mij (4)

where Uf , Wi, Fif , Fl.g are the translational velocity, angular velocity, particle-fluid interaction
forces and gravity. Fj; and M;;are the contact force and torque acting from object j (particle or
wall) to particle i. F/;°is the non-contact force acting on the particle i by particle k or other

sources. Here we need to clarify the interactions between the fluid phase and the particle phase.

F/ = Fy+ Fyp + Fyp + By + Fp + Fsaps + Fiag, (5)
where Fy, Fyp, Fy., Fom, Fg, Fsqff, Fuag are drag, pressure gradient, viscous forces, virtual mass
forces, Basset force, Saffman force and Magnus force. The detailed expressions for each term
are given in the study Fernandes et al., (2018). The drag, effective gravity, pressure gradient,
Saffman force and virtual mass force are considered in this work. Other forces are neglected as
little contribution of other forces to this particle system. The motion of the particles is predicted

by a Lagrangian solver, governed by ordinary differential Eqs.(3-5) for the particle velocity and

position update in each time step.

For the fluid solver, a finite volume method is used to discrete the governing Eqs.(1,2). The
second-order backward scheme is used to march in time. Second-order upwind, Gauss
linearUpwindV, is used for the convective terms, while second-order central difference scheme,
Gauss linear, is used to deal with other divergence operations and gradient operations. The
large eddy simulation implemented by the one-equation sub-grid model (Krajnovic¢ and Lars,

2002) deals with the turbulent effects in this multiphase problem. The PISO method is used to

10
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finish the iteration loop in each time step. The flow simulations were convergent when the

residuals were smaller than 1x10-¢ for all equations.

2.2 Mesh

The following meshes are constructed for the present simulation in Fig.1(a-c). The total number
of grid points ranges from 30~40 million in different cases. The mesh is refined along the stem
surfaces and the bottom of the channel, where the first grid point above the wall is at y*=0.5 for
the channel bed boundary layers. The Froude number (Fr) for these cases are defined as Eq.(6)

and the values for each case are shown in Table 1. All of the cases are subcritical channel flow.

U
FI. — mean (6)

et

In those cases, emergent vegetation stems are modelled as circle cylinders and the Reynolds
number based on the diameter of vegetation stem (Req) is in the range between 1050 to 5250,
which is the subcritical flow around stems with a laminar boundary layer. The definition of the
Redis given Eq.(7).

Reqs= UmeTa"'d, (7

where Red, Umean ,d , v are the channel Reynolds number based on the depth of channel, average

inlet velocity, diameter of a stem and kinematic viscosity of water accordingly.

Thus, the mesh resolution d /Ar >30 is fine enough to capture the flow patterns (Braza et
al., 1986, Yu et al., 2008). Arandd are the first layer grid size near the stem and the diameter of
stems, respectively. Mesh independence study was carried by doubling the grid points around
a stem extracted from the original entire mesh. The time history of drag and lift coefficients
based on those mesh are shown in Fig.2. The definitions of drag coefficient (C4) and lift
coefficient (C1) refer to Wang et al, (2020). The time-averaged drag coefficients are 1.27 for

Arld = 1/30 and 1/60, which is very close to the experimental result 1.24 from Zdravkovich

11



287  (1997). To test the particle motion mesh’s independence, the mesh for single particle settling

288  test were doubled. The motion histories of the particle stayed the same.
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Fig.1 (a) The vertical slice of mesh; (b) The zoom-in view of the horizontal mesh around two stems; (c) The
overview of the horizontal slice.
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Fig.2 The mesh independence test by means of presenting drag coefficient (C4) and lift coefficient (C;) with Ar/d
issetas 1/20,1/30, and 1/60.

2.3 Study cases

To investigate the particle distribution dispersed by turbulent flow along the partially
vegetated channel, two groups of numerical experiments are performed. The simulations in
each group consist of a case of a relatively sparse density VP, a case of a relatively dense VP and
a case without VP. Attention is given to the effects of the density of the VP, where its normalised
density Dn is given as Eq.(8)

Dn — ://stems , (8)

patch

where V.

stems?

V aen are the volumes of stems and the patch region, respectively. We also define
Renas Eq.(9)

Umean-h
Rer= -, 9)

where Rep, U h, v are the channel Reynolds number based on the depth of channel, average

mean ’
inlet velocity, depth of channel and kinematic viscosity of water accordingly. The particles

Stokes number, Stk, is defined as Eq.(10) (Chunning, et al., 2014).

p
Stk = #Rep, (10)
where p, , p; and Rep are the density of particles, the density of each particle and Reynolds

number of particles. The definition of the Rep is provided as Eq.(11).

U. .D
Re,= %ns (11)
where Ds is the diameter of a particle.
Table 1 the study cases
Cases Vegetation lgehar?:lfils nsl;cr(;lkbeesr Froude Diameter of
density (Dn) Y Number particles
number (Rex) (Stk)

Group No.1 0.063 52500 9.7 0.286 100pm
one No.2 0.025 52500 9.7 0.286 100pum
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327

328

329

330
331

No.3 - 52500 9.7 0.286 100pm

No.4 0.063 26250 2.43 0.143 50um

Group No.5 0.025 26250 2.43 0.143 50pm
two

No.6 - 26250 2.43 0.143 50pm

2.4 Boundary conditions

For the flow field boundary condition, the inlet velocity is mapped from a fully developed open
channel with the same flow rate. The particles’ injection at the inlet is designed as based on the
Rouse law (Rouse, 1937) to mimic the natural concentration profile accounting for the particles’
property and flow condition. Hence, the particle injection rate varies with height. The particles
inlet flow conditions for case No.1~No.6 are plotted in Fig.3. The top of the channel is free-slip
boundary condition. The side walls, bottom of channel and the surfaces of stems are assigned
as no-slip boundary condition for flow. The outlet of the domain is free-stream. The particles
were escaped when they passed the outlet boundary. A particle rebounds, when it collides with
stems, side walls or the bottom of channel. In the current study, we assume that an elastic
collision happens between the particles and vegetation stems. Normal restitution coefficient is
0.01 and friction coefficient is 0.6 when particles collide with bottom or side walls, as suggested
by Sun etal, (2016) and Ji et al, (2014) because of the lubrication effects. There is no particle at

the bottom of channel before releasing particles from the inlet. The time step is 5x10-4s to keep

the Courant Number less than 1.0.

— o Case No.1 No.2 No.3
—g—— Case No.4 No.5 No.6

100

Fig.3 The particles inlet flow rate is plotted for Case No.1~No.6. S is the concentration of the particles, Sa is the
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concentration of the Y/h=0.5, where the h is the depth of channel.

3. Validations and Definitions

3.1 Subregions of flow domain

The overview of subregions in the flow domain are shown in Fig.5. X Y Z corresponds to the
streamwise, vertical and spanwise directions. All lengths are normalised by Bv (0.25m) which
is the width of the VP. The size of domain is (40Bv, 0.6Bv, 2Bv) in the streamwise, vertical and
spanwise directions, accordingly. The leading edge of the VP is set as X=0. The whole flow
region is divided into several subregions based on the expected flow patterns in those regions.
Previous studies have provided the length estimation formula or dividing criterion for
subregions R2, R4, and R6, but regarded the whole VP as a single subregion (Huai et al, 2015,
Zong and Nepf, 2011, Chen et al,, 2013). In the present research, the VP region will also be
divided into subregions based on the turbulent structures and particle organizations. Here, we
briefly present physical descriptions for those subregions: R1 is the upstream flow of the VP,

where the flow and particle distribution are span-wisely uniform in most of this region.

R2 denotes the diverging flow region where the flow leaks through the VP’s side interface. In
Fig.5, the length scale of the diverging flow R2, Xb, is estimated by Eq.(12) (Zong and Nepf, 2011,
Chen et al., 2013).

-%Qzﬂa+aQ@m, (12)

C
where Cqd is the canopy drag coefficient, and a is the frontal area per canopy volume. The scale

factorsa=2.3+0.2 and = 1.5 + 0.2 determined from a range of terrestrial and aquatic canopies,
which it is defined as the ratio between the average height of plants (h) and the depth of water
(Chen etal. 2013). The canopy drag length scale L. (Belcher et al. 2003) is estimated by Eq.(13).

_ 2(1-Dn)
-~ Ca (13)

where Dn is the solid volume fraction of the vegetation, denoting the ratio between the

vegetation volume to the vegetation patch volume.
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R3 is the front part of the VP, where turbulent structures develop but are not fully developed
yet and particle stripes happen. R4 is the developing region of the turbulent mixing layer. R5 is
the region where the turbulent structures are fully developed in the VP, reaching a maximum
of turbulence intensity, where the upward entrainment of particles occurs. The fully developed
region for the mixing layer is named as R6. The identification of the fully developed region is
based on the spanwise time-averaged velocity profiles and Reynold stress profiles along the
streamwise direction. For example, the mixing layer is fully developed where X/Bv>12 in case

No.1, as shown in Fig.4.

— % X/Bv=0.66
—a— X/Bv=198
—a— X/Bv=374
—o— X/Bv=594
—e— X/Bv=8.14
—o— X/Bv=99
X/Bv=12.1
—%— X/Bv=13.86
—m X/Bv=15.62

20 25

— s X/Bv=0.66
—& X/Bv=1.98
A X/Bv=3.74
—e— X/Bv=594
—e— X/Bv=8.14
—e— X/Bv=99
X/Bv=12.1
—%— X/Bv=13.86
—w X/Bv=1562

Z/By

100 x u'w'/U3,

(b)

Fig.4 (a) The normalized spanwise time-averaged velocity profile in streamwise direction in case No.1. (b) The
normalized spanwise time-averaged Reynolds stress in the streamwise direction in case No.1. u’is the streamwise
velocity fluctuation, w’is the spanwise velocity fluctuation.

The turbulence structures gradually attenuate in R7 region because of a velocity reduction,

where the vertical entrainment of particles is nearly in equilibrium with deposition, as
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389
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391

392

identified by Fig.29. R8 is assigned as the wake region of VP. Note that the length scale of each
region varies and may even disappear depending on the inlet flow conditions (i.e., the channel
Reynolds number, Renr), vegetation density (Dn), and the length scale of VP. In some cases, the
transition between the different subregions is slow and the boundaries between them are

blurred. Identifications of subregions are summarized in Table 2.

Z

Z/Bv=2

[ |
R2: R4 —— *;Rﬁ!
inlet R1 f N | | L R8 outlet
sl R3 ! R R7
‘ 1 1
0 X/Bv=16 X

Fig.5 the overview of schematic of subregions of the partially vegetated channel.

Table 2 A summary of subregions.

Region Region identification or length scale estimation

R1 The upstream flow region of the VP

R2 The diverging flow region, the streamwise length is estimated by
Eq.(12) (Zong and Nepf, 2011, Chen et al., 2013)

R3 The front part of the VP, the streamwise length scale is identified by
particle stripes length scale, as shown in Fig.9.

RA The developing mixing layer region, the region is identified by the
spanwise velocity profile and Reynolds stress profile, as shown in Fig.3

RS The particle vertical entrainment region, the upward entrainment of

particles occurs in this region.

The fully developed region for the mixing layer. This region is identified
R6 by the spanwise time-averaged velocity profiles and Reynold stress
profiles along the streamwise direction.

The vertical particle concentration profile nearly fully developed, as
shown in Fig.29.

R8 The wake region of vegetation patch.

R7

3.2 Validations

The simulation results have been assessed for the fluid-phase and the particle-phase. The flow
field (Case No.5 listed in Table 1) is compared to the experimental data from Huai (2015), the
vertical average velocity profile along the spanwise located in X/Bv=14 is shown in Fig.6. Good
agreement between the numerical results and experimental results has been achieved. The

particle’s settling velocity in a still water circumstance has been assessed as well. A wide range
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of particle diameters, from 50um to 600 um, has been tested, which validation range covers the
present numerical particle sizes. As revealed in Fig.7, the particle settling velocities reach
steady values after the acceleration stage, and these steady settling velocities are perfectly

consistent with published analytical and experimental data in the literature.
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Fig.6 the validation of time-vertical-averaged velocity profile along the spanwise in X/Bv=14
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D
w 0.1 — Presentd =50um
E — Present d = 776Lm
o = Present 4 = 600 Lm
= O Analytical Follett(2017) d = 50pum
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Fig.7 the validation of the particle settling velocity in still water

To validate the prediction of the suspended sediment and turbulent flow, the vertical space-
averaged concentration profile in the region R7 (R7 is introduced in the next section 3.2) is
compared to the experimental results with similar flow condition, vegetation density and
particle properties. The details of the experimental conditions of Lu (2008) are shown in

Table 3.
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408

Table 3 the experimental conditions of Lu (2008), the defination of those demonsionless parameters in this table

409  are present in the next section.
Vegetation Channel Stokes
Cases deniit (Dn) Reynolds number Diameter of particles
Y number (Rex) (Stk)
D12-2 0.0141 35016 7.6 110~310pm
D12-3 0.0283 35016 4.4 110~310pm
D15-3 0.0283 43770 4.4 110~310pm
D18-3 0.0283 52524 4.4 110~310pm
410
411  As shown in Fig.8, the numerical prediction agrees well with the experimental data trend, the
412  discrepancy between the results is from the difference between the multiphase system
413  conditions. This comparison indicates the reliability of the present simulation cases.
414
1 1
Present case No.2 X/Bv=14 Present case No.5 X/Bv=14
0l T g 0% |3 manl RS B3 ool &% |3 e g e piE:
0 & )
U.? E o7 0.7 O @
0.6 0 ay 06} N
=05 9" Zo05] ki
S > ' %
0.4 Oy 0.4 Yo
0.3 & - 0.3 ¥ S
. o7 0 v
0.2 (m] 0.2 V&
0.1 | v g " 0.1 gDO
0 Ve o ¥
05 I IS 5 25 04 05 s 58 s
S/S5a S/iSa
() (b)
415 Fig.8 the validation of the verticle suspended sendiment profile in the downstream end of VP (region R7 marked
416  inFig.5) The experimental data are from Lu (2008).
417
418
419 3.3 Identifications of target state of the simulation
420  One necessary identification of target state occurring in time is that the particle growth rate in
421  the entire domain remains almost constant, which means that after a long time of particle
422  injections, the difference between the number of particles injected from the entrance of the
423  channel and the particles escaping from the outlet of the channel becomes nearly constant in
424  time.
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Fig.9 The particle number increase rate per 10 seconds in the whole domain in case No.1. We define the target
state as the period after 100s in this case.

The present simulation cases are similar to the study of Huai et al., (2015). Huai et al. pointed
out that after the time (t>3T=3L/Umean) the flow reached fully developed state. In the present
cases, the initial state is mapped from a fully developed non-vegetated channel, and then the 6T
was simulated for all cases to reach fully developed state before releasing the particles. Take
case No.l as an example, particles are not released before the flow is fully developed in the
whole region. As displayed by Fig.9, the particles start to be released at t=0s, and then fills the
entire area continuously until the end of the simulation. As a result, the total number of particles
in the domain experiences a high increment during 0-40s since no escape event happens.
However, after the 40s, particles escape from the outlet boundary, so the particles net growth
rate drops gradually. Nevertheless, after a considerable period (more than 100s), the growth
rate of particles in the entire domain stays at a low level but does not drop to zero. This is due
to the net deposition of some particles at the channel bed because of the obstruction of
vegetation. Therefore, we define this period as the research target state. This is because during
this state, the bedload increases results from a steady deposition rate. However, the statistics
of suspended particles’ concentration stay nearly stable in time, and the present study only

focuses on the suspended sediment.

The other necessary identification of target state is that the Relative Stable Test (RST) index

keeps the statistically unchanged in the target state. As shown in Fig.10, the RSTs of vegetated
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cases are less than 15%, while RSTs of non-vegetated cases are less than 6%, where the RST for
the moment ¢ is given by Eq.(14).

N

RST |t=ti Z

k=1

fz2)-T@)

f(z ) (14)

t=t;
Where N is the sample number of a spanwise (Z) probability density function (PDF). The PDF
at a spanwise location z=z; is given as f(z). The time-averaged of PDF is f(z). The detailed

definition of PDF is given at section 4.2.1.

The physical meaning of RST is the degree of the difference between the instantaneous PDF to
the time-averaged PDF. Although the total number of particles are increasing in the domain, the
PDF of the spanwise distribution is statistically stable along the time scale of particles’
deposition. This is a while the change of the channel morphology due to the deposition is much
longer than the deposition time of particles. We can estimate the time that the deposition of
particles occupies 1% of the whole domain volume is over 0(10°) seconds based on the current
conditions and assumption. The release rate is 3000~4000 particles/second at the inlet. The
volume of each particle is 0(10-12) m3. We very conservatively assume all the particles deposit
in the channel bed before leaving the domain. As shown in Fig.10, the RSTs indicate that the
statistics practically stay unchanged during 150s~200s for cases No.1~3 and 350s~400s for
cases No.4~6, which is far less than o(10>) seconds. Therefore, the morphology modification of

the channel bed owing to the sediment deposition is not considered in the present study.
Hence, as shown in Fig.10, the increase number of particles in the domain does not effectively

influence the PDF in the investigated period. Therefore, we select this period as the research

target state.
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Fig.10 The relative stable test (RST) which is plotted along time where (a) is the RST for group one and (b) is the
RST for group two. The sample location is (14<X/Bv<16 and 0<Z/Bv<2).

4. Results and discussions

4.1 The relationship between the turbulent flow patterns and particle distribution

The redistribution of particles in the partially vegetated region is of high interest as compared
to previous studies which usually modelled the concentration of suspended sediment as
passive scaler without a delayed temporal response to turbulent flow structures. The results of
the present study show that the particles are uniformly distributed in the spanwise direction
when they are located in the upstream of the vegetated region. However, an escaping behaviour

of particles occurs in the region of intense vortices along the VP side. Those vortices structures
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are visualized by Q-criterion and vorticity separately in the following sections. The definition
of Q-criterion in current flow condition (incompressible flow) is given in Eq.(15) (Banko and

Eaton, 2019).
1 r
Q:-E(Vu:Vu ), (15)

where u is velocity vector. T is the transpose operation of a matrix. The Q-criterion have been
used to visualize important vortical structures in these partially vegetated channels. The
relationships between the vortices to particles distribution in a partially vegetated channel are

firstly presented as follows.

4.1.1 The relationship between the Q-criterion and particle distribution

For the clarity of flow pattern and particles’ location, Fig.11 (a)(b) present the top view of
turbulent structures and particles separately in the entire vertical domain. The turbulent
structures are visualized by Q-criterion (Q=25s"2) and coloured by green or dark shade, while
the particles are coloured by their instantaneous velocity magnitude (t=200s and t=400s for
cases No.1~3 and cases No.4~6, respectively). In the inner space of the VP, the turbulent
structures are generated at the leading row of stems, having the length scale of the stem’s
diameter at the beginning, and keep developing in the wakes of stems in region R3, as shown in
Fig.12. Those flow structures among the stems play an important role in upward entrainment
of the sediment in VP, which will be discussed later. In the non-vegetated outer regions (R2,
R4), the turbulent flow structures develop along the interface between VP and non-vegetated
region (R4). Their scales grow from the stems’ scale into the patch’s scales. Those turbulent
structures are fully developed in region (R6) where the spanwise distribution is highly uneven,

but on the other hand, the streamwise distribution tends to be uniform.

These large-scale structures have a pronounced effect on the distribution of particles. As seen

23



508

509

510

o011

512
513
514
515
516

517

518

519

520

521

522

523

524

525

526

527

528

the mixing layer region (R6) is occupied by the larger size of turbulent structures in the zone
with much less particles. This is because Stk>1, and the strong curl streamlines in the vortex’s

region. Thus, the centrifugal effects of the vortex core “throw away” those particles to the

periphery of vortices.

(a) (b)

U Magnitude (m/s)
6e-06 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.556e-01

N

Fig.11 (a) the top view of a zoom-in distribution of particles in the vertical regions R6 and R7 with turbulent
structures visualized by Q-criterion (Q=25s2). (b) the presence of particle distribution in the whole vertical
domain while hiding the turbulent structures of Fig.11(a). The colour bar denotes the instantaneous velocity
magnitude of particles (t=200s). For clarity, the circles/points are the particles which is 100 times bigger than its
real size.

As shown in Fig.12(a)(b), a comparison is made between Cases No.1 and No.2 to illustrate the
effects of Dn on the turbulent structure development and particles’ distribution. The other
comparison was also made for Case No.4 and case No.5. All those comparisons indicate that
relatively dense VP (Cases No.1 and No.4) generates more intensive turbulent structures in the
VP region. Those turbulent structures act as a powerful carrier to redistribute particles span-
wisely. Specifically, a big difference can be observed for the front part VP region (R3). For the
dense cases, the intensive turbulent structures are generated immediately when the flow
passes through, and the wake structures are observed. In contrast, for the sparse cases (Case
No.2, No.5), the leading rows of stems and the side stems generate much less turbulent

structures.
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Furthermore, the distribution of particles is different in the region R3. What stands out is the
particle stripes gathered in the gaps between the stems in the R3 region in sparse cases, as
displayed in Fig.12(b)(d) (the Fig.15 in the following section also presents the scenario
discussed above in the near-bed region). However, for the dense cases shown in Fig.12(a)(c),
there are weak stripes of particles between the stem gaps in the R3 region. This is because the
stem diameter in Case No.1 is larger than that of Case No.2. Thus, the length scales of the stem
wakes in Case No.1 are larger than that of Case No.2 and have a stronger mixing capability for

the particles’ spanwise motion.

(c) (Case No.4 Q=25s2)
z e : R4 _ R RS

(d) Case No.5 Q=25s2)
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Fig.12 the overview of the particle distribution and turbulent structures in the vertical domain visualized by Q-
criterion. The particles are coloured by the instantaneous velocity magnitude (t=200 for case No.1 and No.2, t=400
for case No.4 and case No.5). (a~d) present the case No.1, case No.2, case No.4, case No.5, respectively. For clarity,
the circles/points are the particles which is 100 times bigger than its real size.

The particles’ stripes length scales are determined by the vortex structures development in the
VP regions. As mentioned, the upstream part of the patch region R3 is not the region occupied
by rich turbulent structures in the sparse cases of No.2, No.5, though the flow velocity in R3 is
higher than in the R5, R7 regions of the VP. The interesting observations are that the particles
stripes stretch along the entire growing region (R3) in both sparse cases and begin to disperse
only in the most intensive turbulent region (R5). However, for the dense Cases No.1, No.3, the
stronger blockage effects highly reduce the length of growing region (R3) and stripes of
particles are hard to be observed. Thus, we conclude that the stripes of particles in the upstream
region of the VP are governed by the Dn or the initiation turbulent length scale, i.e., the stem

diameter size.

4.1.2 The relationship between the vertical vorticity and particle distribution

Apart from the close relationship between flow patterns and particle organization visualized
by Q-criterion, a highly surprising finding is that the distribution of particles perfectly coincides
with the vertical vorticity distribution, especially in near channel bottom region. To
demonstrate this finding, the instantaneous flow domain is sliced by horizontal planes through
the VP and suspended particles in various heights where the contours of the vertical vorticity

component are presented.
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Fig.13 (a) the vorticity distribution contour while hiding the particles in this slice. (b) the presentation of particle
distribution and the vertical vorticity distribution in the height Y/Dp=5. For clarity, the circles/points are the
particles which is 100 times bigger than its real size.

Fig.13(a) presents the instantaneous horizontal contour slice of vorticity in Y/D,=5. Fig.13(b)
shows the particle distributions in this slice. What stands out is that the visible margin of
particles in the non-vegetated region matches the vorticity contour surface (vorticity=2s1),
which is illustrated by the marked line developing from the leading edge. These two pictures
clearly demonstrate that the particles preferential concentration is strongly governed by the
vorticity distribution in the near-bottom region. This finding was also observed in other cases,
like case No.2 shown in Fig.15. Itis a good open research question that try to find a qualitative
relationship between this vorticity value to the vegetation and flow parameters such as d, Dn,

and Ren in future study.
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(e) The contour plot of TKE on the vertical slice parallel to the side wall. (Z/Bv=1.6)

Fig.14 (a)(b)(c) are the relationship of particle distribution and the vertical vorticity distribution in various height
in case No.1. (d) highlights the particles distribution by setting the vorticity contour (c) as transparent. For clarity,
the circles/points are the particles which is 100 times bigger than its real size. (e) The contour plot of TKE on the
vertical slice parallel to the side wall (Z/Bv=1.6).

Fig.14(a)(b)(d) indicates that the margin of the particle distribution becomes blurred and does
not exactly match the vertical vorticity component distribution, as the slice location rises over
Y/D,=30. Nevertheless, the particles concentration is still low inside the mixing layer due to its
vortices. This gradual discrepancy of margin of particles and vorticity can be attributed to the
turbulent structures developing from the channel bottom. As the slice moves away from the
channel bed, the particles are not only transported by the vorticity in the horizontal plane but
are also affected by the turbulent structures generating from the channel bed, as shown in Fig.

14(e).

R3 RS | R7 X

U Magnitude (m/s)
5.565e-06 0.15 0.29 0.44 5.813e-01
vorticityl Y (1/s)
-4.000e+00 2 0 2 4.000e+00
[ SR R |

Fig.15 the relationship of particle distribution and the vertical vorticity distribution in height Y/Dp=5 in case No.2.
For clarity, the circles/points are the particles which is 100 times bigger than its real size.

Overall, the particles tend to stay in a lower vorticity region in all cases. Comparing the vorticity
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distribution between the dense and sparse cases, the vorticity is strongly affected by the density
of VP. As shown in Fig.15 of the sparse Case No.Z, there is no clear vorticity edge developing
from the leading edge until the end of the diverging flow region (R2, X/Bv=4). Thus, the particles
nearly uniformly suspend or deposit in region R2, and no clear segregation happens. At the
developing region (R4) a thinner edge transports the particles as compared to the dense Case
No.1 in Fig.13. In the developed region (R6), the distribution of particles still follows the edges

of the maximum magnitude vorticity, which is consistent with the dense cases.

4.2 Statistics of particle distribution

To quantify the statistics of particle distribution a Probability Density Function (PDF) and the
variance of PDF are studied to unveil their physics characteristics.

4.2.1 Probability density function of particles distribution in spanwise

For a streamwise region of [X, Xx+2Bv], the spanwise domain z € [0, 2Bv] is uniformly divided

into M subregions that are numbered from 1 to M. For the ith subregion, the spanwise coordinate
. Bv Bv : : N 1 .
in is [z, _V’Zi +ﬁ] where z; is defined by Eq.(16). The definition of Probability Density

Function (PDF) in the it subregion is Eq.(17).

. Bv
Z, = (ZI_l)V' (16)
f(z) =, (17)
Ni

where Bv is the spanwise length scale of the VP, Ni is the time-averaged number of particles in

the ith subregion. f denotes the PDF.

Case No.1 is chosen to show the overview of the variations of PDF along the streamwise
direction, as shown in Fig.16(a). Owing to the presence of VP, the spanwise (Z) uniformly

distributed particles, in region R1, are transported span-wisely during the growth of the
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vortices in the mixing layer along the VP region in the streamwise direction (0<X/Bv<16), while
the spanwise non-uniformity reduces after the end of the VP region (X/Bv=16). By contrast, the
PDFs stay relatively uniform in the spanwise and streamwise directions in Case No.3 because

of no mixing layer was produced by the vegetation patch, as displayed in Fig.16(b).

1 : : : 1.0e+00

—¢— case No.3 X/Bv=-4
—gz— case No.3 X/Bv=0
—a— case No.3 X/Bv=2
—o— case No.3 X/Bv=6
case No.3 X/Bv= 10
—e— case No.3 X/Bv=14
—+— case No.3 X/Bv=18
—— case No.3 X/Bv=20
1.0e-01 |

0.5

Probability density
Probability density

1.0e-02

1 1.5 2
Z/Bv

(a) Case No.1 (b) Case No.3

Fig.16 (a)Probability density function (PDF) in spanwise (Z) located in different streamwise location (X) in case
No.1. Note that 0<Z/Bv <1 is vegetated region, while 1< Z/Bv<2 is non-vegetated region. (b)Probability density
function (PDF) in spanwise (Z) located in different streamwise location (X) in Case No.3.

To study the effects of Dn on the PDF in different subregions, all vegetated cases are compared.
As shown in Fig.16, in the near upstream region of VP (-4<X/Bv<0, R1), the flow velocity
gradually decreases, but the distribution of particles is relatively less affected by the flow
slowing down. The spikes of the PDF on the two side walls, where there is an obvious the
preferential wall accumulation i.e., increase of PDF in (Z/Bv=2) than Z/Bv=0, can be explained
by the coherent sweep and ejection events (Marchis et al., 2016) and spanwise flow, caused by
the VP obstruction in near downstream. Moreover, two troughs in the vicinity of the two side
walls (Z/Bv=0.2 and 1.8) can be seen almost in all cases owing to the small scale of vortices
generated by boundary layer of the walls and turbophoresis (Picano et al., 2009, and Sardina et

al, 2012).
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: —a— case No.4 X/Bv=-4
—e— case No.5 X/Bv=-4
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|
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Fig.17 Probability density functions in spanwise (Z) located in region R1 (X/Bv =-4) in case No.1, case No.2, case
No.4 and case No.5.

(i) The diverging flow region, 0<X/Bv<4

In this region, the diverging flow in region R2 and the particles’ ‘wiggles’ in region R3 are the
main features. In the diverging flow location, the non-vegetated region R2 (1<Z/Bv<2) has
higher PDF, as compared to the vegetated region R3 (0<Z/Bv<1). This is because of the sudden
obstruction of the flow leading to a strong diverging flow and the flow bypassing the leading
edge of the VP (Huai et al. 2015). The diverging flow and the bypass flow transport particles to

the region R2 which region is of less flow resistance and thus experiences a higher velocity.

1

——case No.1 X/Bv=0
—gz—case No.2 X/Bv=0
—a—case No.4 X/Bv=0
—e— case No.5 X/Bv=0

wiggles

Probability density

Fig.18 Probability density in spanwise (Z) located in region R2 and R3 (X=0) in case No.1, case No.2, case No.4 and
case No.5.

As revealed in Fig.18, the PDF of all vegetated cases collapse into two groups in this leading-

edge region (R2, R3, 0<X<2Bv), which implies that the density of the VP may have a more
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important role than the Reynolds number of the channel flow (Renr) and the Stokes number of
the particles (Stk), detailed in Table 1, on the distribution of particles in current variables’ space.
Generally, the cases with dense Dn (cases No.l, No.4), have a stronger diverging flow,
generating as twice the PDF than that of the sparse cases in the VP region. However, for the
sparse cases (cases No.2 and No.5) the flow penetration is stronger in VP, thus this PD’s increase

is quite mild near the walls.

Moreover, for the sparse cases, stronger ‘wiggles’ of PDF in the VP region are presented, as the
contrast with those of the dense VP cases. The ‘wiggles’ of the PDF are the numerical
interpretation of the phenomenon that the particles are accumulated as stripes when
penetrating the leading edge of VP as shown in Fig.12(b)(d) and Fig.15. These ‘wiggles’ of the
particles stripes happen in all cases but are extremely obvious in case No.2, which indicates that
the relatively sparse Dn and higher Ren facilitate this phenomenon of particles flowing through
the stem gaps but are not dispersed by the wakes of the stems. On the other hand, in dense

cases this wake dispersion effect is much stronger, leading to weak ‘wiggles’ in this region.

1

—e—case No.1 X/Bv=2
—g— case No.2 X/Bv=2
—a—case No.4 X/Bv=2
—o— case No.5 X/Bv=2
B2
=
[<¥)
o
2 01
._r.:
]
e
[aW
0.01

15 p)

0 0.5

1
Z/Bv
Fig.19 Probability density in spanwise (Z) located in region R2 and R3 (X/Bv=2) in case No.1, case No.2, case No.4
and case No.5.

When particles flow into the 2<X/Bv<4 streamwise region, the PDF for all cases in the mixing
layer (1<Z/Bv<1.5) of the non-vegetated region (1<Z/Bv<2) begin to decrease, especially for

Cases No.1 and No.4, with the dense VP. This is because the velocity difference of the shear layer
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is relatively larger than in the cases of sparse VP, leading to the growth of vortices to a stronger
extent in the same streamwise location. It is also worth noting that there has been a marked

PDF drop in the mixing layer region of Case No.1 which has a larger Ren, in the denser VP.

On the other hand, in the vegetated region (0<Z/Bv<1) the strength of these ‘wiggles’ reduce in
Case Nol, No.4 and No.5 but keeps the same or even of higher level for case No.2. Thus, we can
believe that the streamwise length scale of the particle stripes in streamwise is inversely

correlated to Dn.

(ii) The mixing layer developing region, 6<X/Bv<12

The mixing layer’s gradual development is a key feature in region R4, where the mixing layer
thickness grows along with the development of turbulent structures and vortices region. As
discussed above, the distribution of the particles is dominated by the vortices’ locations. As
shown in Fig.20(a)(b) of all cases the lowest point of the PDF moves away from the interface
(Z/Bv=1) of VP, where particles are transported downstream in the developing region. These
statistical results are caused by the high vorticity region becoming wider and the Q-criterion

structures of vegetation patch size developing span-wisely as displayed in Fig.12.

Moreover, the effects of the Dn result in a velocity difference between the vegetation region and
the non-vegetated region, thus affecting the intensity of the vorticity in the mixing layer region.
Therefore, comparing the PDF of the same location between the dense cases to sparse cases
respectively, all dense cases show more highly non-uniform distributions. PDFmax-PDFmin for
Dn=0.063 cases is around 0.19 in both cases No.1 and No.4, while the PDFmax-PDFmin for

Dn=0.025 cases is 0.07 for case No.2 and 0.085 for case No.5.
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Fig.20 (a) Probability density functions in spanwise (Z) located in region R4 and R5 (X=1.5 and 2.5) in case No.1
and case No.2; (b) Probability density functions in spanwise (Z) located in region R4 and R5 (X=1.5 and 2.5) case
No.4 and case No.5.

(iii) The mixing layer fully developed region, 14<X/Bv<16
The key feature in this region (R6) is that the mixing layers are fully developed for the dense
cases, and almost fully developed for the sparse cases. As expected, there is no much variation

in the time-averaged PDF along the different stream-wise locations for each case, as seen in

Fig.21.
1 1
—»— case No.1 X/Bv=12 ——case No.4 X/Bv=12
—g— case No.2 X/Bv=12 k —g— case No.5 X/Bv=12 L
= —a— case No.1 X/Bv=16 = —a—case No.4 X/Bv=16
5 —e— case No.2 X/Bv=16 L = —ea— case No.5 X/Bv=16
5 g
= =
2 01 =
£ ;:
E
0.01
0.1 0.5 1 15 2
Z/Bv
(a) (b)

Fig.21 (a) Probability density functions in spanwise (Z) located in region R6 and R7 (12<X/Bv<16) in case No.1l
and case No.2; (b) Probability density functions in spanwise (Z) located in region R6 and R7 (12<X/Bv<16) case
No.4 and case No.5.

It is very clear that the Dn determines the final characteristics of the PDF in the fully developed
region. For the relatively dense patch cases, Dn=0.063, the lowest value of PDF is at Z/Bv=1.5,
which is the middle of the non-vegetation region. By contrast, the minimum PDF stays at
Z/Bv=1.2 in the sparse cases, which is closer to the VP interface. This difference owes to the

variation in the turbulent structures’ scales. In relatively dense cases, large turbulent structures
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of the spanwise patch size occupy non-patch domains, entrain the particles to the sidewall or
fasten the particle exchange at the VP interface. Yet, in relatively sparse cases the length scale
of the turbulent structures is about half of that in denser cases, leading to the dispersion of

particles near the interface of VP.

What stands out in Fig.21(a)(b) is the high difference between the PDFs of the dense and sparse
cases in the vegetated region of the spanwise area of 0<Z/Bv<1. There is a peak in the sparse
cases, whereas the PDFs decline in the dense patch regions along Z direction. This can be
explained by the sparse cases sharing a higher penetration distance for the particles, and hence
more particles transport from upstream of the vegetated region but having weaker spanwise
dispersion due to the relative weak turbulent structures. For the dense cases, stronger and
larger vortices entrain deeper into the VP and carry the particles away, leading to the gradual

decline of the PDF span-wisely.

| —se—case No.l1 X/Bv=16 | —se—case No.4 X/Bv=16

—g— case No.2 X/Bv=16 —g— case No.5 X/Bv=16
| —a— case No.l X/Bv=20 [
| —e—case No.2 X/Bv=20

—a— case No.4 X/Bv=20
| —e—case No.5 X/Bv=20

Probability density
Probability density

0 0.5 | 15 2

(a) (b)

Fig.22 (a) Probability density functions in spanwise (Z) located in region R8 (4<X<5) in case No.1 and case No.Z2;
(b) Probability density functions in spanwise (Z) located in region R8 (4<X<5) case No.4 and case No.5.

(iv) The wakes of VP region, 16<X/Bv<24
The key feature in this region is that the large wakes of the VP size occupy this region, leading
to even stronger mixing effects than those upstream of the mixing layer. In the VP wake of

region R8, the PDFs tend to return to a uniform distribution because of transport from the
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spanwise neighbour region. As expected, those particles transport are quicker in dense cases

than in sparse cases.
4.2.2 The variance of particle distribution

Turbulent structures within and without a vegetation region are highly anisotropic (Penna et
al,, 2020, Caroppi et al., 2018, Cui et al.,, 2008). The distribution of the particles is non-uniform
along the vortices’ development, as also found by previous studies. For example, De Marchis et
al,, (2016) found that particles distribute non-uniformly along with vortices’ development in a
channel bed with roughness. Hu et al.,, (2002) discussed the particles’ uneven dispersion in a
spatial developing mixing layer. In current study, the particle dispersion a partially vegetated
channel flow is investigated. To quantify this uneven distribution in the spatial and temporal
spaces, the variance of PDF is defined. The variance of spanwise (Z) PDF is investigated along
the streamwise location to characterize the statistics in different regions. The definition is
presented in Eq.(18).

@)@y
Var(=-) ==
Bv

(18)

N- f(zi)

where f(z,) is the PDF at zi spanwise location, f(z) is the time-averaged f(z), N is the PDF

B B
sample times of one specific region [z, _VV’ Z, +Vv] N[x,x+2Bv].

The physical interpretation of the variance of PDF is the normalised fluctuation intensity of PDF
profiles in one certain region, which is highly relevant to the uneven distribution of particles in
the upstream location. High value of the variance of PDF indicates that particles are moving as
parcels, carried by the periphery of large size eddies, and behave with a preferential

concentration in a spatial region (De Marchis et al., 2016, Gualtieri et al., 2009, Hu et al., 2002).
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Fig.23 (a) the variance of PDF in spanwise(Z) located in the whole streamwise region(-4<X/Bv<20) in case No.1;
(b) the variance of PDF in spanwise(Z) located in the whole streamwise region(-4<X/Bv<20) in Case No.3; (c) the
variance of PDF in spanwise (Z) located in region R1 (X/Bv=-4) Case No.1, Case No.2, Case No.4 and Case No.5.

What can be clearly seen in Fig.23(a) is the significant growth of the variance of PDF as the
observation region moves from R1 to R8 stream-wisely (-4<X/Bv<20). This trend indicates that
the presence of vegetation continuously interrupts the flow condition in the streamwise
direction, leading to more intensive turbulent flow events and higher non-uniform particle
parcels’ distribution. However, this variance of PDF decays after the end of the VP region in the
streamwise direction, as seen by comparing the values between the X/Bv=14 and X/Bv=18. By
contrast, Fig.23(b) illustrates that the variance of PDFs stays at a relatively low level in the bare

channel of Case No.3 in both the spanwise and streamwise directions, as compared with the
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vegetated Case No.1.

(i) The diverging flow region

In this region, the spanwise flow can be categorized into three patterns: wakes region having
length scale of the stem’s diameter in the VP (R3, 0<Z/Bv<1), the onset of mixing layer region
with growing but small vortices (R2, 1<Z/Bv<1.4~1.6), as well as the uninterrupted region out
of the mixing layer (R2, 1.4~1.6<Z/Bv<2), as displayed in Fig.24(a)(b). There is an over 50%
increase of the variance of PDF in the VP region (R3) and mixing layer region (R4) except for
the mixing layer outer region (R4), as compared with the upstream variance profiles in R1
region (Fig.24(b)). The plots of variance also show that the width of the mixing layer region

increases from 1<Z/Bv<1.5 to 1<Z/Bv<1.6 in X/Bv=0 and X/Bv=2 respectively.

Furthermore, the dense Cases No.1, No.4 always experience a higher variance than that of the
sparse cases No.2 case No.5, accordingly, owing to relatively larger scale vortices shedding from
the larger stems’ diameter in denser cases. Larger turbulent structures have stronger

dispersion capability.
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Fig.24 (a) the variance of PDF in spanwise (Z) located in region R2, R3 (X=0) of cases No.1, No.2, No.4 and No.5; (b)
the variance of PDF in spanwise (Z) located in region R2, R3 (X/Bv=2) cases of No.1, No.2, No.4 and No.5.

(ii) The mixing layer developing flow region

Making the comparison in the streamwise direction, the variance of the downstream profile
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(X/Bv=10) is slightly larger than that of the upstream (X/Bv=6) due to the developing
characteristics of the flow pattern. For the span-wise variance distribution in the developing
region, there are noticeable higher variance values than that in the VP region, mainly resulting
from the mixing effects. Larger scale eddies highly redistribute particles as parcels along the
periphery of large eddies. Moreover, the Dn behaves as an active factor to increase the variance
in the non-vegetated region. As shown in Fig.25(a)(b), the dense cases have a slightly stronger
variance in contrast with the sparse cases, respectively, in the corresponding locations, which

indicates that the PDF variance is controlled by the dominant eddy scales.
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Fig.25 (a) the variance of PDF in spanwise (Z) located in region R4, R5 (X/Bv=6 and X/Bv=10) case No.1 and case
No.2. (b) the variance of PDF in spanwise (Z) located in region R4, R5 (X/Bv=6 and X/Bv=10) case No.4 and case
No.5.

(iii) The mixing layer fully developed region

Generally, the variance values in the fully developed region are 20% more than their
counterparts in the developing region. Detailed differences are discussed hereafter. Displayed
in Fig.26, there is a low point of the variance in the middle region of VP (Z/Bv=0.5). This is
because the uniformly distributed stems act as ‘filters’ and their wakes improve the uniformity
of particles as they penetrate through the VP. Also, the ‘wiggles’ of variances that happen in the
flow region (R3) of the VP are diminished in the developed region (R7). This is because of the
accumulation of superposition effects of the stem-scale wakes. In the non-vegetated region, the
peaks of variances move from the nearside of the interface (1.1<Z/Bv<1.3) to the middle of this

region (1.4<Z/Bv<1.5) where a large scale turbulent flow pattern dominates this phenomenon,
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as displayed in Fig.11(a).
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Fig.26 (a) the variance of PDF in spanwise (Z) located in region R6, R7 (X/Bv=14 and X/Bv=18) of cases No.1 and
No.2. (b) the variance of PDF in spanwise (Z) located in region R6, R7 (X/Bv=14 and X/Bv=18) cases No.4 and No.5.

(iv) The wake of the VP region

What is interesting in Fig.27 is the collapse of the lines in the non-vegetated region of the
various cases and even in different streamwise locations, as compared to the developing and
developed regions in Figs.25 and 26. This indicates that the decay of the large vortices is quite
slow after the end of VP, the size of turbulent structures nearly unchanged along the wakes of
VP (18<X/Bv<20), as shown in Fig.12. Next, we can also observe that the Dn nearly plays no
difference between the corresponding case group (No.1~3) and case group (No.4~6). However,
the effects of the inlet channel condition (quantified by Rer) and the Stokes number alter the
maxima of the variances between case No.1 to case No.4 and case No.2 to case No.5, where each
pair has the same geometry but different Ren and Stk. Additionally, there is an augmentation of
the low points of variance in the patch region (0<Z/Bv<1) after the VP blockage ended, and

relatively large wake eddies can reach this region and transport the particles more uniformly.

1.0e+00 . . ; 1.0e+00
——case No.1 X/Bv=18 ] —»— case No.4 X/Bv=18

= —g—case No.1 X/Bv=20 1 = —g— case No.4 X/Bv=20
2 —a—case No.2 X/Bv=18 2 —a— case No.5 X/Bv=18
g 1.0e-01 . g case No.2 X/Bv=20 g 1.0e-01 . g case No.5 X/Bv=20
B B
£ 1.0e-02 £ 1.0e-02
2 2
(=9 (=9
E E )
g % %
E 1.0e-03 E 1.0e-03
= =

1.0e-04 05 | 5 2 1.0e-04 05 | 5 2

L/Bv L/Bv

41



841
842

843

844

845

846

847

848

849

850

851

852

853

854

855

(a) (b)
Fig.27 (a) the variance of PDF in spanwise (Z) located in region R8 (X/Bv=18 and X/Bv=20) of cases No.1 and No.2.
(b) the variance of PDF in spanwise (Z) located in region R8 (X/Bv=18 and X/Bv=20) of cases No.4 and No.5.

4.3 The vertical entrainment effect and retention effect of VP

4.3.1 The vertical entrainment of particles in VP

In this study, the vertical entrainment effect is defined as an upward motion of suspended
particles from the lower water volume to the higher water volume. It is highly interesting that
the vegetation patch moves the particles upwardly, while the particles pass through the
vegetation patch as illustrated in Fig.28(a)(b). Previous studies observed the resuspension of
particles in sparse submerged vegetation (Luhar et al, 2008, Van Katwijk et al., 2010, Lawson
etal,, 2012). Luhar believed that the resuspension happens in a VP whose Dn is less than 0.1 in
submerged vegetation condition, because of the mixing layer can penetrate the vegetation layer
and touch the riverbed. However, in the present research, the upward entrainment of particles
also happens in the sparse emergent vegetation condition (Dn=0.063 and 0.025 for Case No.1

and Case No.2 respectively).

(a) Case No.1

(b) Case No.2
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(c) Case No.3

U Magnitude (m/s)

6.991e-06 0.1 0.23 0.34 4.513e-01
CLLl LLLLLL L H“”'J‘.‘[][l.‘jll

Fig.28 (a) the side view of particle distribution in Case No.1 (a channel with partial vegetation). (b) the side view
of particle distribution in Case No.2 (a channel with partial vegetation). (c) the side view of particle distribution
in Case No.3 (a channel without vegetation). (a)(b)(c) share the same inlet conditions including the flow condition
and particle releasing condition except for the VP. The height of these contour plots is displayed as twice of original
ones to increase the clarity.

To quantify the difference in particle concentration of Cases No.1~2, the vertical particles

distribution profiles are plotted along the VP region for various streamwise locations in Fig.29.

—e— X/Bv=10
—+— X/Bv=12
—x—X/Bv=14
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() (b)
Fig.29 (a) the vertical particles distribution profiles are plotted along the stream-wisely (0<X/Bv<14) in the VP
region in Case No.1. (b) the vertical particles distribution profiles are plotted along the stream-wisely (0<X/Bv<14)
in the VP region in Case No.2.

In the region (R3 and R4, 0<X/Bv<12), the concentration profiles quickly vary in the near-bed
region, while the particles are gradually transported to higher locations. It is interesting to find
that Case No.1 exerts stronger upward suspension capability than that of Case No.2, since the
Dn of the No.1 is higher than No.2. This observation completes the previous understanding that

vegetation does not always have a strong ability to promote sediment deposition.

In the region (R7, 12<X/Bv<16), the vertical particle distribution profiles reach to a fully
developed state. For Case No.1, the vertical distribution is quite uniform, and the profile is

significantly reshaped by the vegetation compared to the profile of the upstream non-vegetated
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region (R1). The reshaping processes of the particle profile is faster than that of Case No.2, as
shown in Fig.29(b). This numerical finding indicates that the presence of vegetation unifies the
vertical concentration profiles, which is consistent with the experimental result of Lu (2008)
that the vertical distribution of suspended sediment in a vegetated channel is obviously more
uniform than that in the non-vegetated channel flow. However, the present simulation results
indicate the higher Dn clearly promotes the uniformity of vertical concentration on the

condition that Dn<0.1.

Comparing the results of Case No.1 and Case No.2, the sparse VP in Case No.2 also suspends the
particles but with less upward entrainment effect. As shown in Fig.28(c), the non-vegetated
Case No.3 with same flow condition and suspended sediment inlet condition was also simulated.
The vertical concentration profile stays unchanged along the whole domain and no upward
entrainment event happens, which indicates the upward suspension role of the sparse

vegetation (Dn<0.1).

The physical mechanism of this vertical entrainment of particles are explained as follows. As
can be seen in Fig.28(a)(b), the upward entrainment of particles gradually happens while the
particles pass through the emergent VP. This process is for the first time numerically predicted
and presented to the best of the author’s knowledge. Li et al., (2020) pointed out that vertical
entrainment effect of sediment by flow depended on the vertical velocity component. They also
argued that turbulent kinetic energy (TKE) could cause the fine sediment to re-suspend in the
process of settling and thus to oscillate in a certain vertical range. Therefore, both the

distributions of the vertical velocity and TKE are explored and discussed separately as follows.

Though the spatial averaged streamwise velocity drastically decreased, the vertical

entrainment of particles can be explained as the effects of vertical velocity generated by the
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flow-vegetation-riverbed interactions, i.e., the turbulent horseshoe structures. The vertical
velocity contours are displayed and compared in Fig.30. The contour plot of vertical velocity
where larger than the settling velocity (0.005m/s) is marked as yellow or light colour, occupies

most of the VP.

The velocity difference between a particle and surrounding flow produces a force. A vertical
velocity component larger than the particle’s still water deposition velocity means that the
upward force component is larger than the effective weight (including the effects of buoyancy)
of this particle. Thus, an upward acceleration is produced. Then, a time integration of this
upward acceleration leads to an upward velocity and displacement. The vertical velocity
entrains the particles from the lower particle-rich region to the upper particle-less region. Also,
a higher Dn leads to a larger area in the slices in Fig.30 where vertical velocity larger than the
deposition velocity when comparing Fig.30(a) to Fig.30(b) and Fig.30(c) to Fig.30(d), which

implies why higher Dn (Dn<0.1) entrains fine sediment vertically faster.

(N LK

(a) case No.1 X/Bv=3.795 (b) case No.2 X/Bv=3.795

i NLLITAE

(c) case No.1 X/Bv=14.08 (d) case No.2 X/Bv=14.08

Y

Uy (m/s)
7 -5.000e-03 -0.003 0 0.002 5.000e-03
I | . |

o

Fig.30 (a) and (b) are the contours of time-averaged vertical velocity Uy (m/s) in the VP region R2, R3 (X/Bv=3.795)
in Case No.1 and Case No.2 respectively. (c) and (d) are the contours of time-averaged vertical velocity Uy (m/s)
in the VP region R6, R7 (X/Bv=14.08) in Case No.1 and Case No.2 respectively. The white lines are the vegetation
stems. The five white lines are the stems in each figure.

Nino and Garcia (1996) pointed out that the sediment particles were picked up from the bed by
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flow ejection events that were related to the near-bed lift force. Latest studies show that the
turbulent kinetic energy (TKE) can be a good indicator in predicting the upward motion of
particles from the bed. Yang et al., (2016) suggested that near-bed TKE may have a higher effect
than bed shear stress on the initiation of sediment motion. The TKE model works both for the
bare bed and vegetated bed. Tseng and Tinoco, (2021) believed the TKE can indicate the total
turbulence generated from vegetation, bed, and coherent structures and hence calculated the
effective bed shear velocity. Therefore, the instantaneous contour plots of TKE on slice

X/Bv=3.795 and 14.08 are presented in Fig.31 as a representative.

Wit Jiil

(a) case No.1 X/Bv=3.795 (b) case No.2 X/Bv=3.795

(c) case No.1 X/Bv=14.08 (d) case No.2 X/Bv=14.08

TKE (m?/s?)

0.00e+00 0.0001 0.0002 3.00e-04
Z I

0

Fig.31 (a) and (b) are the contours of instantaneous turbulent kinetic energy (TKE) (m2/s2) in the VP region R2,
R3 (X/Bv=3.795) in case No.1 and case No.2 respectively. (c) and (d) are the contours of instantaneous turbulent
kinetic energy (TKE) (m?2/s2) in the VP region R6, R7 (X/Bv=14.08) in case No.1 and case No.2 respectively. The
white lines are the vegetation stems. The five white lines are the stems in each figure.

As shown in Fig.31, the presence of stems increases the TKE in the vegetated region, thus
promotes the upward suspension of suspended sediments. Case No.1 with the higher
vegetation density has a stronger TKE that may present a stronger capability of resuspending
particles than that of Case No.2. It is worth to mention that the high regions of TKE are the

boundary layer or wakes regions of stems.
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In summary, all previous studies agree that the upward entrainment of particles is produced
by the turbulent structures or turbulent properties. Some researchers believe that the TKE is
a good indicator or explanation of the upward motion of particles, while some researchers (Li
et al., 2020) believe the vertical (upward) velocity component of secondary flow can be more
of the cause of the upward motion of particles. Moreover, other indicators including the
turbulence skewness factors and turbulent shear stress are also used to explain the vertical
motion of particles. The authors of this paper prefer the explanation by vertical velocity, but

still believe that further studies are needed to answer this open question.

4.3.2 The retention of particles in vegetation patch

Comparisons were made between vegetated and non-vegetated cases; the presence of
vegetation may make the particles’ concentration higher in the patch region than in the same
region with no vegetation canopy. Besides, the mixing layer region produced by vegetation
contains less particles because of the centrifugal effects of vortices inertially moving particles
away from the centre region of the vortex region (Hu et al., 2002). Therefore, we conclude that
the vegetation patch in a natural channel does not simply increase or decrease the particles

concentration.

Moreover, because of the upward suspension of particles, the particle concentration is
significantly higher than that in the same region of the non-vegetated channel for high vertical
locations i.e., Y/D,2500, as illustrated in Fig.32(a)(b). This retention of particles in the channels

maintains the evolution of ecosystem. However, in the low location Y/Dp< 30 the concentration

is drastically lower than that in the non-vegetated case, as shown in Fig.32(c)(d). This
completes the previous understanding that the particles’ concentration is always higher in the

vegetated regions than in the non-vegetated regions or cases.
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(d) The non-vegetated case No.3 Y/Dp=30

Fig.32 (a) the horizontal slice of case No.1 in Y/Dp=500. (b) the horizontal slice of case No.3 in Y/D,=500. (c) the
horizontal slice of case No.1 in Y/Dp=30. (d) the horizontal slice of case No.3 in Y/D,=30. Black points denote the
particles in this slice. The size of the points is 100 times bigger than their real size for clarity.

5. Conclusions

The transportation of particles in a partially vegetated straight channel is investigated using
high-fidelity CFD(LES)-DPM method. The distribution of particles in the flow-parallel edge of
the VP has highly interesting dispersion behaviour. The particles are uniformly distributed in
the spanwise direction, upstream of the vegetated region. Turbulent structures grow in the
mixing layer on the edge of vegetation patch, resulting in depletion of particles in this layer.
Canopy with a higher density generates more turbulent structures, exerting stronger spanwise
dispersion effects in the VP outer region (R4) and promotes spatial uneven distribution of

particles.

Another new finding is that particles’ distribution highly coincides with the contour margin of

vertical vorticity component in the edge of mixing layer, especially in the near-bed region. This
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is because particles prefer to stay in alower vorticity region and gather at the mixing layer edge.
However, as the locations of sample plane (slice) move away from the channel bed, the
agreement between the particles’ distribution and vertical component of vorticity becomes
blurred. This is because of the turbulent structures developing from the channel bed that

interrupt particles’ distribution.

The Probability Density Function (PDF) was defined to quantify the particles’ spanwise
distribution. When comparing the PDF of the same location between the relative dense cases to
sparse cases, respectively, all denser cases showed lower PDF values in the mixing layer of the

developing region (R4) and developed region (R6).

The variance of PDF was defined to quantify the normalised fluctuation intensity in a target
zone, which is highly relevant to the nature of particles’ uneven distribution carried by the
upstream turbulent structures. A significant growth was observed in the variance of PDF as the
observation region moved along the streamwise direction from R1 to R8 regions (-4<X/Bv<20).
This trend indicates that the presence of vegetation continuously interrupts the flow condition
in the streamwise direction, leading to more intensive turbulent flow events and higher non-

uniform particle parcels’ distributions both temporally and spatially.

The variance of PDF distribution in the developing region (R4) is markedly higher than that in
the VP’s region R5, mainly due to the mixing effects. The vegetation density behaves as an active
factor to increase the variance in non-vegetated region. Moreover, in the non-vegetated region,
the peaks of variances move from the nearside of the interface (1.1<Z/Bv<1.3) to the middle of
this region (1.4<Z/Bv<1.5) where large scale turbulent flow patterns dominate this

phenomenon.
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The particle upward suspension by vegetation patch is simulated during the flow pass through
the stems. The relative dense cases (Dn=0.063) have a stronger upward suspension effect than
relative sparse cases (Dn=0.025), under the condition that Dn<0.1. It agrees with previous

argument of Dn=0.1 as a threshold assuming drag coefficients of stems as 1.0 (Nepf. 2012).

Because of the upward suspension of particles in vegetated cases, the particle concentration is
pronounced higher than the same region in non-vegetated channel for same vertical locations

i.e, Y/Dp=500. However, in the low location Y/D,< 30 the concentration is drastically lower

than in the non-vegetated cases.

In future research, the influence of the flexibility of vegetation (Wang et al., 2019) and the

bending effects of open channel (Wang et al., 2020) on suspended sediments transportation

will be considered.

6. Nomenclature

a The frontal area per canopy volume (m?)
Bv The spanwise length scale of the vegetation patch (m)
Cq The drag coefficient for a single stem
C The lift coefficient for a single stem
d The diameter of a single stem (mm)
Dn Vegetation density
D, The diameter of particles (m)
f(Q) The probability density function (PDF)
f(z) The PDF at z; spanwise location
Tzi) The time-averaged f{zi)
Fr The channel Froude number
Fif Particle-fluid interaction forces (N)
F° Gravity of particle (N)
FS Contact force acting from object j (particle or wall) to particle i (N)
Non-contact force acting on the particle i by particle k or other
Fi’ sources (N)
Fy Drag (N)
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Fop Pressure gradient (pa/m)
F.. Viscous forces (N)
Fom Virtual mass forces (N)
Fs Basset force (N)
Foatr Saffman force (N)
Fuag Magnus force (N)
g Gravity (N)
h The depth of channel (m)/height of plant
LES Large Eddy Simulation
L The length of the whole domain in streamwise direction (m)
Lc The canopy drag length scale
M;; Torque acting from object j (particle or wall) to particle i (Nm)
N The PD sample times of one specific region
N: The time-averaged number of particles in the ith subregion
PDF Probability Density Function
PDFmax The maximum value of the PDF
PDFmin The minimum value of the PDF
R1 The upstream flow of VP
R2 The diverging flow region
R3 The front part of the VP
R4 The developing region of turbulent mixing layer
R5 The turbulent structures fully developed in VP
R6 The fully developed region for the mixing layer
R7 The turbulence structures gradually attenuate
R8 The wake region of VP
Req The Reynolds number based on the diameter of stem
Ren The channel Reynolds number
Re, The particle Reynolds number
RST Relative Stable Test
S The concentration of particles (number/m3)
S, Volumetric fluid-particle interaction force (N/m3)
Sa The concentration of the Y/h=0.5
Stk Stokes number of released particles
t Time (s)
U, Fluid phase velocity (m/s)
U, Velocity of particles (m/s)
upr Translational velocity of it particle (m/s)
U oo Averaged inlet velocity (m/s)
Uy The vertical component of flow velocity (m/s)
Var The variance of the PDF
Vians The volume of stems (m3)
V i The volume of the bulk of the patch region (m3)
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X The streamwise direction/coordinate

Xp The length scale of the diverging flow in streamwise direction
Y The vertical direction/coordinate

Y+ Dimensionless wall distance

z; The spanwise coordinate, in the ith subregion

Z The spanwise direction/coordinate

a Scale factor a = 2.3 + 0.2

ar Fluid phase fraction

B Scale factor f=1.5+ 0.2

Ty Fluid-phase viscous stress tensor (pa)

W Angular velocity (rad/s)

A The size of first layer mesh around the single stem (mm)
v Viscosity of water (m2/s)

P The density of fluid (kg/m3)

Py The density of particles (kg/m?3)
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