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 6 
Abstract 7 

Turbulent structures generated by vegetation patches play a dominant role in the dispersion of 8 

suspended sediment, which in turn is of great significance for ecosystem cycling and river 9 

geomorphology development. High fidelity Large Eddy Simulations (LES) coupled with the 10 

Discrete Phase Method (DPM) were used to explore the particle distribution and its variance 11 

(the non-uniformity in temporal and spatial space) in a partially vegetated straight channel. 12 

The novel findings and conclusions are outlined here. Firstly, the contour of the vertical 13 

vorticity component coincides well with particle preferential gatherings in the outer edge of 14 

the mixing layer in the near-bed region. Large-scale turbulent structures grow in mixing layer 15 

along the side of a vegetation patch (VP), which deplete particles away from the mixing layer 16 

into the neighbouring region. Also, higher vegetation densities (Dn) promote this depletion 17 

trend. Secondly, the Probability Density Function (PDF) and its variance were defined to 18 

quantify these phenomena, illustrating that the VP continuously interrupts the flow condition 19 

and promotes higher non-uniformity of particle distribution among the vegetated and non-20 

vegetated regions. The variance of the PDF in the non-vegetated region is significantly higher 21 

than that in the neighbouring vegetated region located in the same streamwise location. The 22 

particle parcels are highly unevenly located along the periphery of the large eddies and are 23 

exchanged by the mixing flow between the non-vegetated and vegetated regions. Finally, the 24 

vertical entrainment of particles occurs in the vegetated region of the present cases. This is 25 

because the horseshoe structures provide an upwards velocity for the current Dn conditions 26 

(Dn<0.1) and an increase of Dn (Dn<0.1) accelerates the upward suspension. These findings 27 

complete our understanding of particles’ transportation in both spanwise and vertical 28 
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directions.  29 
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 33 

1. Introduction 34 

Aquatic vegetation plays critical functions in an ecosystem of river networks and coastal 35 

regions by absorbing organic matter, producing oxygen, and supporting habitat diversity 36 

(Follett and Nepf, 2012, Rominger et al., 2010, Kemp et al., 2000). The flow resistance of 37 

vegetation dramatically decreases the flow velocity, resulting in a reduction in bed shear 38 

stresses (Stephan and Gutknecht, 2002). Vegetation patches (VPs) or riparian vegetation 39 

strongly alter turbulent structures, which is indicated by water flumes experiments partially 40 

covered by artificial vegetation (Chen et al., 2011) or by observations in natural rivers occupied 41 

by real-scale vegetation (Zhang et al., 2020, Cameron et al., 2013, Leonard et al., 2006). The 42 

turbulent structures generated by real aquatic plants are far more complex than that of artificial 43 

cylinder array (Zhang et al., 2020). In the vegetated region, a lower spatial-averaged velocity 44 

field occurs, compared to the non-vegetated channel region although it usually experiences a 45 

higher turbulent kinetic energy which may transfer bedload to suspended load (Tseng et al., 46 

2021, Zhang et al., 2020, Yang, et al., 2016, Ortiz et al., 2013). Some researchers (Luhar et al, 47 

2008, Van Katwijk et al., 2010, Lawson et al., 2012) observed the resuspension effects of VPs in 48 

natural waterways apart from the deposition effects of VPs, as found by other researchers 49 

(Ward et al,1984, Garcia et al., 1999, Terrados and Duarte 2000, Gacia and Duarte, 2001, Agawin 50 

and Duarte, 2002). Nonetheless, vegetation regions contain more particles and nutrient 51 

contents because of retention effects (Clarke and Wharton, 2001, Larsen et al., 2009). 52 

 53 

During a long period of sediment retention and deposition, the morphology of a riverbed 54 

eventually changes. The presence of vegetation can stabilize a channel bed in the vegetated 55 
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region and promote the growth of landform (Corenblit et al. 2007). Nevertheless, an erosion 56 

event can also occur in the leading and side edges of VP (Kim et al, 2015, Follett and Nepf, 2012). 57 

This is because the diverging flow bypasses the leading edge and speeds up in the nearby non-58 

vegetated channel (Huai et al., 2015). Many researchers (Curran and Hession, 2013, Mars et al., 59 

1999, Pollen and Simon, 2005) argued that river restoration and management could take 60 

advantage of the ecological and physical functions of aquatic vegetation, and research on 61 

vegetation flow was meaningful and urgent. For example, better insights of the flow and particle 62 

dynamics mechanism can help to implement a new national development strategy for the 63 

biggest sandy river in the north of China, i.e., the Yellow River Basin Ecological Protection and 64 

High-quality Development (China, 2019). However, the understanding of the interactions 65 

between the flow, vegetation and sediment transport is still limited, especially for partially 66 

vegetated channel flow with heterogeneous riverbed roughness which is ubiquitous in nature. 67 

Previous studies on vegetated sandy flow mainly focused on the vertical concentration profile 68 

of suspended load above a uniform canopy (Li et al., 2020, Huai et al., 2020, Huai et al., 2019, 69 

Lu, 2008, López and García, 1998), and were quite limited on the investigation of the horizontal 70 

distribution of the suspended load in a partial vegetated channel flow.  71 

 72 

Constructive results for the long-term sedimentation effect on the morphodynamics in a 73 

partially vegetated river have been achieved for both off-bank and bankside VPs. The off-bank 74 

VP located in a central channel was usually simplified into a porous cylinder (Zong and Nepf, 75 

2012). The effects of bleeding flow and wakes behind the VP on sediment transport were the 76 

focuses of previous studies (Kim et al., 2015, Ortiz et al., 2013, Zong and Nepf, 2012, Rominger 77 

et al., 2010). The bleeding flow was generated by the streamwise incoming flow penetrating 78 

through the vegetation patch. These bleeding flows always lead to a delay in the onset of vortex 79 

shedding. As the vegetation density (Dn) increased, the beginning point of the vortex shedding 80 

point approached the patch, but the deposition location of particles moved downstream (Follett 81 
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and Nepf, 2012).  82 

 83 

Previous investigations focused on the bankside VP located along a channel bank. The 84 

hydrodynamics and turbulent structures have been carefully studied (Huai et al., 2015, Nepf, 85 

2012, White and Nepf, H. 2008, White and Nepf, 2007) to enhance the understanding of 86 

sediment transportation in the VP. Two main features of the flow were identified. (1) The 87 

diverging flow at the leading edge. (2) The mixing layer development as affected by Kelvin-88 

Helmholtz instability (Zong and Nepf, 2010). Due to these features, the spatial distribution of 89 

net deposition in the VP is dominated by the streamwise flow advection and the spanwise flow 90 

dispersion governed by diverging flows and mixing layer vortices, respectively. However, in 91 

both types of VP locations (bankside and off-bank), previous studies (Gu et al., 2019, Liu and 92 

Nepf, 2016, Bertoldi et al, 2015, Follett and Nepf, 2012) mainly discuss the change of the 93 

riverbed morphology rather than the particles’ suspending process interaction with the mixing 94 

layer turbulence structures and wakes of stems, which are key processes determining the 95 

concentration of nutrients, organic particles as well as sediment final deposition. The current 96 

study focusses on the dispersion process of the suspended particles in a turbulent mixing layer 97 

produced by a bankside vegetation patch. 98 

 99 

The study on short-time sediment transport events, i.e., the instantaneous interactions between 100 

the particles and 3-dimensional turbulent structures generated by the riparian vegetation is 101 

quite limited. This may be due to challenges imposed by physical experiments and numerical 102 

simulations. It is computationally and experimentally expensive to track millions of tiny 103 

particles’ motion in a complex geometry flow field while visualizing turbulent structures in a 104 

flume. Thus, previous experiments (Wang et al., 2016, Lu, 2008) only focused on the 105 

relationship between a space-averaged concentration distribution to the time-averaged flow 106 

field. They ignored the instantaneous turbulent information, and thus have provided 107 
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insufficient data to unveil the nature of sediment-turbulent-plants interaction.  In current study, 108 

as supported by UK Turbulent Consortium, the national Tier1 High Performance Computer 109 

(Archer) is used to carry out computationally expensive but high-fidelity simulations, in order 110 

to resolve the instantaneous turbulent flow field generated by bankside vegetation stems and 111 

track the motions of 3x105~5x105 particles within it. 112 

 113 

As for the numerical studies, the transportation of sediment can be modelled either in a 114 

Lagrangian method or an Eulerian method, while the flow field is computed by the Eulerian 115 

method. Most previous studies (Cheng et al., 2013, Lopez and Garcia, 1997) adopted an Eulerian 116 

method that treated particles as concentration passive scalar and described the motion of 117 

particle groups using concentration convection-diffusion equation. As proved by Graf and 118 

Cellino (2002), this method can work well for fine sediment (Stk<<1) but introduce errors for 119 

coarse-grain (or tiny-grain with Stk>1) dispersion prediction mainly because of neglecting the 120 

time lag of particles following the flow (Zhong et al., 2015). The study of Hu et al., (2002) 121 

employing Lagrangian method demonstrated the significant effects of Stk on particles 122 

dispersion in a 2-D mixing layer. Also, the determination of the sediment diffusion coefficient 123 

in this equation is problematic. Although the effect of time lag between particles and flow 124 

velocities can be modelled using an additional equation (Pilou et al., 2013), previous sandy flow 125 

studies usually assume that the sediment diffusion coefficient equals to the turbulent eddy 126 

diffusion coefficient, which means the motion of particles exactly follows the flow, but this 127 

assumption is inaccurate as tested by Graf and Cellino (2002). The simplified 1-dimensional 128 

concentration convection-diffusion equation is widely used in the vertical concentration profile 129 

prediction (Huai et al., 2020, Li et al., 2018, Lopez and Garcia, 1998), but still facing the problem 130 

of sediment diffusion coefficient selection.  131 

 132 

By contrast, the Lagrangian method uses the discrete nature of particles, involving the effects 133 
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of inertia of particles, forces exerted by flow and other particles, and some kinds of Lagrangian 134 

methods like Discrete Phase Model (DPM) and Discrete Element Model (DEM) excludes the 135 

errors induced by the diffusion coefficient selection (Sun and Xiao, 2016, De Marchis et al., 2016, 136 

Ji et al., 2014). In the present study, the DPM method without the selection of sediment diffusion 137 

coefficient is adopted to predict the sediments’ dispersion in emergent plants. 138 

 139 

Some research groups (Huai et al., 2019, Zhong et al. 2015, Fu et al. 2005) have successfully 140 

implemented Lagrangian methods for investigating vegetated sandy flows, but those studies 141 

still used a diffusion-coefficient-selection needed Lagrangian model. For example, Huai et al., 142 

(2019) adopted a stochastic Lagrangian model, i.e., Random Displacement Model (RDM) to 143 

simulate suspended sediment concentration profile over submerged canopy. Good agreement 144 

was achieved with experimental data, while the performance of that method was strongly 145 

determined by the diffusion coefficient selection. By contrast, the DPM method was used to in 146 

the current study does not require a pre-prepared determination or modelling of the diffusion 147 

coefficient. Moreover, previous studies based on Lagrangian method were mainly focused on 148 

the vertical concentration profile prediction, which still provided insufficient information on 149 

the relationship between the particles’ preferential clustering and 3-demensional turbulent 150 

structures along the vegetation-side region. 151 

 152 

However, DPM or DEM numerical simulations are computationally expensive. Hence, most of 153 

the previous DPM or DEM studies focused on the particle-laden flow in a simple geometry or a 154 

low number of particles (Oh and Tsai, 2018, Sun and Xiao, 2016, De Marchis et al., 2016, Vreman, 155 

2015). In current study, the particle-laden flow based on the DPM was conducted in a relative 156 

complex geometry, where the grid-resolved vegetation stems occupy a large part of the channel. 157 

 158 

Additionally, the effect of the vertical suspension effects of the VP needs further research. 159 
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Previous research observed that dense aquatic vegetation increased sedimentation as relative 160 

to the bare bed regions (Ward et al,1984, Garcia et al., 1999, Terrados and Duarte 2000, Gacia 161 

and Duarte, 2001, Agawin and Duarte, 2002). However, erosion and resuspension were 162 

observed in sparse meadows (Luhar et al, 2008, Van Katwijk et al., 2010, Lawson et al., 2012). 163 

Luhar believed that the solidity threshold indicator was around 0.1 if the drag coefficient was 164 

assumed to be 1.0 (Nepf, 2012), which could be used to categorize the vegetation patch into a 165 

sparse patch or a dense patch. For the sparse VP where the indicator value is below this 166 

threshold, the flow and stresses are enhanced to resuspend particles near the bed region. Yet, 167 

the relationship is still unclear between the density of VP and upward suspension effects in 168 

sparse VP regime. 169 

 170 

Other findings close to the present topic are briefly reviewed here as well. The initiation of 171 

particle movement is determined by the impulse of turbulence forces. The duration of those 172 

forces is also as important as their instantaneous magnitudes (Diplas et al., 2008). Then, during 173 

the floating period, small-scale particles’ clusters appear because of the centrifugal effect 174 

coming from the vortical structures in turbulent flows. These vortex structures tend to throw 175 

the heavy solid particles from the vortex cores to the interstice (Marchis et al., 2016). Moreover, 176 

turbophoresis is a key feature in a particle-laden flow, which describes particles having a 177 

tendency to migrate from higher turbulent kinetic energy location to a lower one (Caporalini et 178 

al., 1975). More recent research investigations discussing particles turbophoresis behaviour 179 

near the wall can be found in Picano et al., (2009), and Sardina et al., (2012).  180 

 181 

In this paper, we mainly focus on fine suspended particles transport events in a straight channel 182 

with a bankside vegetation. Firstly, qualitative and quantitative relationships are investigated 183 

between particle preferential gathering locations and the transportation effects of turbulent 184 

structure. Secondly, the evolution of particle parcels in spatial and temporal space is 185 
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quantitatively studied. Finally, the upward suspension (upward entrainment) effects 186 

dominated by the density of VP is discussed. The present research on the particle, turbulence 187 

and structures will provide a better understanding as relevant for the long-term morphology 188 

adaption in rivers but also for applications in chemical engineering, mining industry (Kuerten, 189 

et al., 2016) and atmospheric pollutant transport in the urban building canopy, where similar 190 

interactions can happen. 191 

   192 

2. Methodology  193 

The Computational Fluid Dynamics-Discrete Phase Method (CFD-DPM) method is used to 194 

resolve the flow field as well as the detailed motion history of suspended particles in the present 195 

study. CFD-DPM is based on an Eulerian-Lagrangian framework where the motion of particles 196 

is governed by Newton's second law, while the flow field is governed by the Navier-Stokes 197 

equations.  198 

 199 

In general, the CFD-DPM method can be summarized into two main categories based on the 200 

resolutions of the particles’ boundary layer, namely, the resolved method and unresolved 201 

method. As for the resolved CFD-DPM, the fluid field around each particle is resolved, even the 202 

boundary layer and wakes of the particles are captured. In contrast, the unresolved CFD-DPM 203 

considers particles as points and estimates the forces acting on particles using priori known 204 

formulae. In this paper, the unresolved CFD-DPM (two-way coupled) method was used, because 205 

the size of particles (5×10-5~1×10-4m) is smaller than the Kolmogorov scale (1×10-4~5×10-4m) 206 

in current flow conditions, the particle’s near flow field is integrated into the priori known force 207 

formulae. The interactions between the flow, particles and walls are considered, but the 208 

particle-particle collision is neglected as the volume fraction of the particles is less than 0.1% 209 

of fluid volume (Crowe et al., 2011). 210 

 211 
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In previous research, CFD-DPM method has been successfully used to study particle-laden 212 

flows in a straight channel with ripple or flatbed (Elghannay and Tafti, 2017, Kuerten, et al., 213 

2016, Ji et al., 2014, Chang and Scotti, 2003). Escauriaza and Sotiropoulos (2011) investigated 214 

the effect of horseshoe vortical structures on particles transport around a cylinder pier. 215 

Schmeeckle (2015) studied bedload transport over a backstep. However, to the best of our 216 

knowledge, no further complex geometry was studied. Some other relevant topics were also 217 

carefully discussed, including the influence of particle shapes (Zhao et al, 2015), the ratio of 218 

density between particle to flow (Durán et al., 2012), as well as the instability problems of the 219 

CFD-DPM method (Elghannay and Tafti, 2017) when the particle size is bigger than mesh sizes. 220 

All these reviewed studies indicate that CFD-DPM is appropriate for this study.  221 

 222 

2.1 Governing equations  223 

Computational Fluid Dynamics and Discrete Phase Method (CFD-DPM) is used to conduct these 224 

numerical experiments. The momentum transfer from the particle-phase to the fluid-phase is 225 

implemented by adding the source term in the right-hand-side of the Navier-Stokes equation. 226 

The interactions between the particle-fluid and particle-wall are considered in this multiphase 227 

system. This system is solved by the OpenFOAM CFD-DPM solver. The governing law for the 228 

fluid-phase is described by the continuity and the momentum Eqs.(1,2) including the volume 229 

fraction of the fluid-phase.  230 

𝜕𝛼𝑓

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑓𝑈𝑓) = 0,                                                                               (1) 231 

𝜕(𝛼𝑓𝑈𝑓)

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑓𝑈𝑓𝑈𝑓) = −

1

𝜌
𝛻𝑃 − 𝑆𝑝 + 𝛻 ⋅ (𝛼𝑓𝜏𝑓) + 𝛼𝑓𝑔,                                          (2) 232 

where 𝛼𝑓 , 𝑡, 𝑈𝑓,𝜌, 𝑃, 𝑆𝑝, 𝜏𝑓 , 𝑔 are the fluid phase fraction, time, fluid phase velocity, density of 233 

fluid, pressure, volumetric fluid-particle interaction force, fluid-phase viscous stress tensor and 234 

gravity, accordingly. Detailed expressions for 𝑆𝑝 and 𝜏𝑓 are given in the study of Fernandes et 235 

al., (2018). 236 
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 237 

In this study, the particles are simplified as spheres, and the diameter of each particle is smaller 238 

than the fluid-phase mesh size. The motion of the particles can be categorized into translation 239 

and rotation. Those two kinds of particle motions satisfy Eqs.(3,4).  240 

𝑚𝑖
𝑑𝑈𝑖

𝑝

𝑑𝑡
= ∑ 𝐹𝑖𝑗

𝑐𝑛𝑖
𝑐

𝑗=1 + ∑ 𝐹𝑖𝑘
𝑛𝑐 + 𝐹𝑖

𝑓𝑛𝑖
𝑛𝑐

𝑘=1 + 𝐹𝑖
𝑔

 ,                                                           (3) 241 

𝐼𝑖
𝑑𝜔𝑖

𝑑𝑡
= ∑ 𝑀𝑖𝑗

𝑛𝑖
𝑐

𝑗=1  ,                                                                                        (4) 242 

where 𝑈𝑖
𝑝 ,𝜔𝑖 , 𝐹𝑖

𝑓
, 𝐹𝑖

𝑔
 are the translational velocity, angular velocity, particle-fluid interaction 243 

forces and gravity. 𝐹𝑖𝑗
𝑐  and 𝑀𝑖𝑗are the contact force and torque acting from object j (particle or 244 

wall) to particle i. 𝐹𝑖𝑘
𝑛𝑐 is the non-contact force acting on the particle i by particle k or other 245 

sources. Here we need to clarify the interactions between the fluid phase and the particle phase.  246 

𝐹𝑖
𝑓

= 𝐹𝑑 + 𝐹𝛻𝑝 + 𝐹𝛻⋅𝜏 + 𝐹𝑣𝑚 + 𝐹𝐵 + 𝐹𝑆𝑎𝑓𝑓 + 𝐹𝑀𝑎𝑔 ,                                               (5) 247 

where 𝐹𝑑 , 𝐹𝛻𝑝, 𝐹𝛻⋅𝜏, 𝐹𝑣𝑚, 𝐹𝐵, 𝐹𝑆𝑎𝑓𝑓 , 𝐹𝑀𝑎𝑔 are drag, pressure gradient, viscous forces, virtual mass 248 

forces, Basset force, Saffman force and Magnus force. The detailed expressions for each term 249 

are given in the study Fernandes et al., (2018). The drag, effective gravity, pressure gradient, 250 

Saffman force and virtual mass force are considered in this work. Other forces are neglected as 251 

little contribution of other forces to this particle system. The motion of the particles is predicted 252 

by a Lagrangian solver, governed by ordinary differential Eqs.(3-5) for the particle velocity and 253 

position update in each time step. 254 

 255 

For the fluid solver, a finite volume method is used to discrete the governing Eqs.(1,2). The 256 

second-order backward scheme is used to march in time. Second-order upwind, Gauss 257 

linearUpwindV, is used for the convective terms, while second-order central difference scheme, 258 

Gauss linear, is used to deal with other divergence operations and gradient operations. The 259 

large eddy simulation implemented by the one-equation sub-grid model (Krajnović and Lars, 260 

2002) deals with the turbulent effects in this multiphase problem. The PISO method is used to 261 
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finish the iteration loop in each time step. The flow simulations were convergent when the 262 

residuals were smaller than 1x10-6 for all equations. 263 

 264 

2.2 Mesh 265 

The following meshes are constructed for the present simulation in Fig.1(a-c). The total number 266 

of grid points ranges from 30~40 million in different cases. The mesh is refined along the stem 267 

surfaces and the bottom of the channel, where the first grid point above the wall is at y+=0.5 for 268 

the channel bed boundary layers. The Froude number (Fr) for these cases are defined as Eq.(6) 269 

and the values for each case are shown in Table 1. All of the cases are subcritical channel flow. 270 

mean
U

Fr
gh

=                                   (6) 271 

In those cases, emergent vegetation stems are modelled as circle cylinders and the Reynolds 272 

number based on the diameter of vegetation stem (Red) is in the range between 1050 to 5250, 273 

which is the subcritical flow around stems with a laminar boundary layer. The definition of the 274 

Red is given Eq.(7). 275 

Red=
𝑈𝑚𝑒𝑎𝑛∙𝑑

𝜈
,                                                                            (7) 276 

where Red, Umean ,d , 𝜈 are the channel Reynolds number based on the depth of channel, average 277 

inlet velocity, diameter of a stem and kinematic viscosity of water accordingly. 278 

 279 

Thus, the mesh resolution / 30d r   is fine enough to capture the flow patterns (Braza et 280 

al.,1986, Yu et al., 2008). r and d are the first layer grid size near the stem and the diameter of 281 

stems, respectively. Mesh independence study was carried by doubling the grid points around 282 

a stem extracted from the original entire mesh. The time history of drag and lift coefficients 283 

based on those mesh are shown in Fig.2. The definitions of drag coefficient (Cd) and lift 284 

coefficient (Cl) refer to Wang et al, (2020). The time-averaged drag coefficients are 1.27 for 285 

/r d = 1/30 and 1/60, which is very close to the experimental result 1.24 from Zdravkovich 286 
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(1997). To test the particle motion mesh’s independence, the mesh for single particle settling 287 

test were doubled. The motion histories of the particle stayed the same.  288 

  

                     (a)                               (b) 

 

(c) 
 
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. 

 289 

 290 
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Fig.2 The mesh independence test by means of presenting drag coefficient (Cd) and lift coefficient (Cl) with /r d291 
is set as 1/20, 1/30, and 1/60. 292 

 293 

2.3 Study cases 294 

To investigate the particle distribution dispersed by turbulent flow along the partially 295 

vegetated channel, two groups of numerical experiments are performed. The simulations in 296 

each group consist of a case of a relatively sparse density VP, a case of a relatively dense VP and 297 

a case without VP. Attention is given to the effects of the density of the VP, where its normalised 298 

density Dn is given as Eq.(8) 299 

stems

patch

V
Dn

V
= ,                                  (8) 300 

where stemsV , patchV  are the volumes of stems and the patch region, respectively. We also define 301 

Reh as Eq.(9)  302 

Reh=
𝑈𝑚𝑒𝑎𝑛∙ℎ

𝜈
,                                  (9) 303 

where Reh, meanU , h , 𝜈 are the channel Reynolds number based on the depth of channel, average 304 

inlet velocity, depth of channel and kinematic viscosity of water accordingly. The particles 305 

Stokes number, Stk, is defined as Eq.(10) (Chunning, et al., 2014). 306 

Stk =
𝜌𝑝

9𝜌𝑓
𝑅𝑒𝑝,                                (10) 307 

where p  , f  and Rep are the density of particles, the density of each particle and Reynolds 308 

number of particles. The definition of the Rep is provided as Eq.(11). 309 

Rep=
𝑈𝑚𝑒𝑎𝑛∙𝐷𝑠

𝜈
,                                (11) 310 

where Ds is the diameter of a particle. 311 

 312 

Table 1 the study cases 313 

 Cases 
Vegetation 

density (Dn) 

Channel 
Reynolds 

number (Reh) 

Stokes 
number 

(Stk) 

Froude 
Number 

Diameter of 
particles 

Group 
one 

No.1 0.063 52500 9.7 0.286 100µm 

No.2  0.025 52500 9.7 0.286 100µm 
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No.3 - 52500 9.7 0.286 100µm 

Group 
two 

No.4 0.063 26250 2.43 0.143 50µm 

No.5 0.025 26250 2.43 0.143 50µm 

No.6 - 26250 2.43 0.143 50µm 

 314 

2.4 Boundary conditions 315 

For the flow field boundary condition, the inlet velocity is mapped from a fully developed open 316 

channel with the same flow rate. The particles’ injection at the inlet is designed as based on the 317 

Rouse law (Rouse, 1937) to mimic the natural concentration profile accounting for the particles’ 318 

property and flow condition. Hence, the particle injection rate varies with height. The particles 319 

inlet flow conditions for case No.1~No.6 are plotted in Fig.3. The top of the channel is free-slip 320 

boundary condition. The side walls, bottom of channel and the surfaces of stems are assigned 321 

as no-slip boundary condition for flow. The outlet of the domain is free-stream. The particles 322 

were escaped when they passed the outlet boundary. A particle rebounds, when it collides with 323 

stems, side walls or the bottom of channel. In the current study, we assume that an elastic 324 

collision happens between the particles and vegetation stems. Normal restitution coefficient is 325 

0.01 and friction coefficient is 0.6 when particles collide with bottom or side walls, as suggested 326 

by Sun et al, (2016) and Ji et al, (2014) because of the lubrication effects. There is no particle at 327 

the bottom of channel before releasing particles from the inlet. The time step is 5x10-4s to keep 328 

the Courant Number less than 1.0. 329 

 330 

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 331 
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concentration of the Y/h=0.5, where the h is the depth of channel. 332 

 333 

3. Validations and Definitions  334 

3.1 Subregions of flow domain 335 

The overview of subregions in the flow domain are shown in Fig.5. X Y Z corresponds to the 336 

streamwise, vertical and spanwise directions. All lengths are normalised by Bv (0.25m) which 337 

is the width of the VP. The size of domain is (40Bv, 0.6Bv, 2Bv) in the streamwise, vertical and 338 

spanwise directions, accordingly. The leading edge of the VP is set as X=0. The whole flow 339 

region is divided into several subregions based on the expected flow patterns in those regions. 340 

Previous studies have provided the length estimation formula or dividing criterion for 341 

subregions R2, R4, and R6, but regarded the whole VP as a single subregion (Huai et al, 2015, 342 

Zong and Nepf, 2011, Chen et al., 2013). In the present research, the VP region will also be 343 

divided into subregions based on the turbulent structures and particle organizations. Here, we 344 

briefly present physical descriptions for those subregions: R1 is the upstream flow of the VP, 345 

where the flow and particle distribution are span-wisely uniform in most of this region.  346 

 347 

R2 denotes the diverging flow region where the flow leaks through the VP’s side interface. In 348 

Fig.5, the length scale of the diverging flow R2,  XD, is estimated by Eq.(12) (Zong and Nepf, 2011, 349 

Chen et al., 2013). 350 

(1 ) = +D
d

c

X
C ah

L
,                                                                     (12) 351 

where Cd is the canopy drag coefficient, and a is the frontal area per canopy volume. The scale 352 

factors α = 2.3 ± 0.2 and β= 1.5 ± 0.2 determined from a range of terrestrial and aquatic canopies, 353 

which it is defined as the ratio between the average height of plants (h) and the depth of water 354 

(Chen et al. 2013). The canopy drag length scale Lc (Belcher et al. 2003) is estimated by Eq.(13). 355 

2(1 )−
=c

d

Dn
L

C a
,                                                                       (13) 356 

where Dn is the solid volume fraction of the vegetation, denoting the ratio between the 357 

vegetation volume to the vegetation patch volume. 358 

 359 
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R3 is the front part of the VP, where turbulent structures develop but are not fully developed 360 

yet and particle stripes happen. R4 is the developing region of the turbulent mixing layer. R5 is 361 

the region where the turbulent structures are fully developed in the VP, reaching a maximum 362 

of turbulence intensity, where the upward entrainment of particles occurs. The fully developed 363 

region for the mixing layer is named as R6. The identification of the fully developed region is 364 

based on the spanwise time-averaged velocity profiles and Reynold stress profiles along the 365 

streamwise direction. For example, the mixing layer is fully developed where X/Bv>12 in case 366 

No.1, as shown in Fig.4. 367 

 368 

(a) 369 

 370 

(b) 371 

Fig.4 (a) The normalized spanwise time-averaged velocity profile in streamwise direction in case No.1. (b) The 372 
normalized spanwise time-averaged Reynolds stress in the streamwise direction in case No.1. u’ is the streamwise 373 
velocity fluctuation, w’ is the spanwise velocity fluctuation. 374 

 375 

The turbulence structures gradually attenuate in R7 region because of a velocity reduction, 376 

where the vertical entrainment of particles is nearly in equilibrium with deposition, as 377 
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identified by Fig.29.  R8 is assigned as the wake region of VP. Note that the length scale of each 378 

region varies and may even disappear depending on the inlet flow conditions (i.e., the channel 379 

Reynolds number, Reh), vegetation density (Dn), and the length scale of VP. In some cases, the 380 

transition between the different subregions is slow and the boundaries between them are 381 

blurred. Identifications of subregions are summarized in Table 2. 382 

 383 

Fig.5 the overview of schematic of subregions of the partially vegetated channel. 384 

Table 2 A summary of subregions. 385 

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 . 

R4 
The developing mixing layer region, the region is identified by the 
spanwise velocity profile and Reynolds stress profile, as shown in Fig.3 

R5 
The particle vertical entrainment region, the upward entrainment of 
particles occurs in this region. 

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

R7 
The vertical particle concentration profile nearly fully developed, as 
shown in Fig.29. 

R8 The wake region of vegetation patch. 
 386 

3.2 Validations 387 

The simulation results have been assessed for the fluid-phase and the particle-phase. The flow 388 

field (Case No.5 listed in Table 1) is compared to the experimental data from Huai (2015), the 389 

vertical average velocity profile along the spanwise located in X/Bv=14 is shown in Fig.6. Good 390 

agreement between the numerical results and experimental results has been achieved. The 391 

particle’s settling velocity in a still water circumstance has been assessed as well. A wide range 392 
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of particle diameters, from 50µm to 600 µm, has been tested, which validation range covers the 393 

present numerical particle sizes. As revealed in Fig.7, the particle settling velocities reach 394 

steady values after the acceleration stage, and these steady settling velocities are perfectly 395 

consistent with published analytical and experimental data in the literature.     396 

 397 

Fig.6 the validation of time-vertical-averaged velocity profile along the spanwise in X/Bv=14 398 

 399 

Fig.7 the validation of the particle settling velocity in still water 400 
 401 

 402 

To validate the prediction of the suspended sediment and turbulent flow, the vertical space-403 

averaged concentration profile in the region R7 (R7 is introduced in the next section 3.2) is 404 

compared to the experimental results with similar flow condition, vegetation density and 405 

particle properties. The details of the experimental conditions of Lu (2008) are shown in 406 

Table 3.  407 
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Table 3 the experimental conditions of Lu (2008), the defination of those demonsionless parameters in this table 408 
are present in the next section. 409 

Cases 
Vegetation 

density (Dn) 

Channel 
Reynolds 

number (Reh) 

Stokes 
number 

(Stk) 
Diameter of particles 

D12-2 0.0141 35016 7.6 110~310µm 

D12-3  0.0283 35016 4.4 110~310µm 

D15-3 0.0283 43770 4.4 110~310µm 

D18-3 0.0283 52524 4.4 110~310µm 

 410 

As shown in Fig.8, the numerical prediction agrees well with the experimental data trend, the 411 

discrepancy between the results is from the difference between the multiphase system 412 

conditions. This comparison indicates the reliability of the present simulation cases. 413 

 414 

  
(a) (b) 

Fig.8 the validation of the verticle suspended sendiment profile in the downstream end of VP (region R7 marked 415 
in Fig.5 ) The experimental data are from Lu (2008).   416 
 417 

 418 

3.3 Identifications of target state of the simulation 419 

One necessary identification of target state occurring in time is that the particle growth rate in 420 

the entire domain remains almost constant, which means that after a long time of particle 421 

injections, the difference between the number of particles injected from the entrance of the 422 

channel and the particles escaping from the outlet of the channel becomes nearly constant in 423 

time. 424 
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 425 
Fig.9 The particle number increase rate per 10 seconds in the whole domain in case No.1. We define the target 426 
state as the period after 100s in this case.    427 
 428 

The present simulation cases are similar to the study of Huai et al., (2015). Huai et al. pointed 429 

out that after the time (t>3T=3L/Umean) the flow reached fully developed state. In the present 430 

cases, the initial state is mapped from a fully developed non-vegetated channel, and then the 6T 431 

was simulated for all cases to reach fully developed state before releasing the particles. Take 432 

case No.1 as an example, particles are not released before the flow is fully developed in the 433 

whole region. As displayed by Fig.9, the particles start to be released at t=0s, and then fills the 434 

entire area continuously until the end of the simulation. As a result, the total number of particles 435 

in the domain experiences a high increment during 0-40s since no escape event happens. 436 

However, after the 40s, particles escape from the outlet boundary, so the particles net growth 437 

rate drops gradually. Nevertheless, after a considerable period (more than 100s), the growth 438 

rate of particles in the entire domain stays at a low level but does not drop to zero. This is due 439 

to the net deposition of some particles at the channel bed because of the obstruction of 440 

vegetation. Therefore, we define this period as the research target state. This is because during 441 

this state, the bedload increases results from a steady deposition rate. However, the statistics 442 

of suspended particles’ concentration stay nearly stable in time, and the present study only 443 

focuses on the suspended sediment. 444 

 445 

The other necessary identification of target state is that the Relative Stable Test (RST) index 446 

keeps the statistically unchanged in the target state. As shown in Fig.10, the RSTs of vegetated 447 
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cases are less than 15%, while RSTs of non-vegetated cases are less than 6%, where the RST for 448 

the moment ti is given by Eq.(14). 449 

 
1
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N f z
 .                        (14) 450 

Where N is the sample number of a spanwise (Z) probability density function (PDF). The PDF 451 

at a spanwise location z=zi is given as f(zi). The time-averaged of PDF is  ( )if z . The detailed 452 

definition of PDF is given at section 4.2.1. 453 

 454 

The physical meaning of RST is the degree of the difference between the instantaneous PDF to 455 

the time-averaged PDF. Although the total number of particles are increasing in the domain, the 456 

PDF of the spanwise distribution is statistically stable along the time scale of particles’ 457 

deposition.  This is a while the change of the channel morphology due to the deposition is much 458 

longer than the deposition time of particles. We can estimate the time that the deposition of 459 

particles occupies 1% of the whole domain volume is over o(105) seconds based on the current 460 

conditions and assumption. The release rate is 3000~4000 particles/second at the inlet. The 461 

volume of each particle is o(10-12) m3. We very conservatively assume all the particles deposit 462 

in the channel bed before leaving the domain. As shown in Fig.10, the RSTs indicate that the 463 

statistics practically stay unchanged during 150s~200s for cases No.1~3 and 350s~400s for 464 

cases No.4~6, which is far less than o(105) seconds. Therefore, the morphology modification of 465 

the channel bed owing to the sediment deposition is not considered in the present study. 466 

 467 

Hence, as shown in Fig.10, the increase number of particles in the domain does not effectively 468 

influence the PDF in the investigated period. Therefore, we select this period as the research 469 

target state. 470 
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(a) 

 

(b) 

Fig.10 The relative stable test (RST) which is plotted along time where (a) is the RST for group one and (b) is the 471 
RST for group two. The sample location is (14≤X/Bv≤16 and 0<Z/Bv<2). 472 

 473 

 474 

4. Results and discussions 475 

4.1 The relationship between the turbulent flow patterns and particle distribution 476 

The redistribution of particles in the partially vegetated region is of high interest as compared 477 

to previous studies which usually modelled the concentration of suspended sediment as 478 

passive scaler without a delayed temporal response to turbulent flow structures. The results of 479 

the present study show that the particles are uniformly distributed in the spanwise direction 480 

when they are located in the upstream of the vegetated region. However, an escaping behaviour 481 

of particles occurs in the region of intense vortices along the VP side. Those vortices structures 482 
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are visualized by Q-criterion and vorticity separately in the following sections. The definition 483 

of Q-criterion in current flow condition (incompressible flow) is given in Eq.(15) (Banko and 484 

Eaton, 2019). 485 

1
Q - ( : )

2
Tu u=   ,                             (15) 486 

where u is velocity vector. T is the transpose operation of a matrix. The Q-criterion have been 487 

used to visualize important vortical structures in these partially vegetated channels. The 488 

relationships between the vortices to particles distribution in a partially vegetated channel are 489 

firstly presented as follows.  490 

 491 

4.1.1 The relationship between the Q-criterion and particle distribution 492 

For the clarity of flow pattern and particles’ location, Fig.11 (a)(b) present the top view of 493 

turbulent structures and particles separately in the entire vertical domain. The turbulent 494 

structures are visualized by Q-criterion (Q=25s-2) and coloured by green or dark shade, while 495 

the particles are coloured by their instantaneous velocity magnitude (t=200s and t=400s for 496 

cases No.1~3 and cases No.4~6, respectively). In the inner space of the VP, the turbulent 497 

structures are generated at the leading row of stems, having the length scale of the stem’s 498 

diameter at the beginning, and keep developing in the wakes of stems in region R3, as shown in 499 

Fig.12. Those flow structures among the stems play an important role in upward entrainment 500 

of the sediment in VP, which will be discussed later. In the non-vegetated outer regions (R2, 501 

R4), the turbulent flow structures develop along the interface between VP and non-vegetated 502 

region (R4). Their scales grow from the stems’ scale into the patch’s scales. Those turbulent 503 

structures are fully developed in region (R6) where the spanwise distribution is highly uneven, 504 

but on the other hand, the streamwise distribution tends to be uniform.  505 

 506 

These large-scale structures have a pronounced effect on the distribution of particles. As seen 507 
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the mixing layer region (R6) is occupied by the larger size of turbulent structures in the zone 508 

with much less particles. This is because Stk>1, and the strong curl streamlines in the vortex’s 509 

region. Thus, the centrifugal effects of the vortex core “throw away” those particles to the 510 

periphery of vortices. 511 

  

                                         (a)                                        (b) 

 

Fig.11 (a) the top view of a zoom-in distribution of particles in the vertical regions R6 and R7 with turbulent 512 
structures visualized by Q-criterion (Q=25s-2). (b) the presence of particle distribution in the whole vertical 513 
domain while hiding the turbulent structures of Fig.11(a). The colour bar denotes the instantaneous velocity 514 
magnitude of particles (t=200s). For clarity, the circles/points are the particles which is 100 times bigger than its 515 
real size. 516 

 517 

As shown in Fig.12(a)(b), a comparison is made between Cases No.1 and No.2 to illustrate the 518 

effects of Dn on the turbulent structure development and particles’ distribution. The other 519 

comparison was also made for Case No.4 and case No.5. All those comparisons indicate that 520 

relatively dense VP (Cases No.1 and No.4) generates more intensive turbulent structures in the 521 

VP region. Those turbulent structures act as a powerful carrier to redistribute particles span-522 

wisely. Specifically, a big difference can be observed for the front part VP region (R3). For the 523 

dense cases, the intensive turbulent structures are generated immediately when the flow 524 

passes through, and the wake structures are observed. In contrast, for the sparse cases (Case 525 

No.2, No.5), the leading rows of stems and the side stems generate much less turbulent 526 

structures.  527 

 528 
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Furthermore, the distribution of particles is different in the region R3. What stands out is the 529 

particle stripes gathered in the gaps between the stems in the R3 region in sparse cases, as 530 

displayed in Fig.12(b)(d) (the Fig.15 in the following section also presents the scenario 531 

discussed above in the near-bed region). However, for the dense cases shown in Fig.12(a)(c), 532 

there are weak stripes of particles between the stem gaps in the R3 region. This is because the 533 

stem diameter in Case No.1 is larger than that of Case No.2. Thus, the length scales of the stem 534 

wakes in Case No.1 are larger than that of Case No.2 and have a stronger mixing capability for 535 

the particles’ spanwise motion. 536 

 

Particle stripes is weak 
(a) (case No.1 Q=25s-2) 

 

 
Particle stripes 

 
(b) (case No.2 Q=25s-2) 

 
(c) (Case No.4 Q=25s-2) 

 
 

(d) Case No.5 Q=25s-2)  
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Fig.12 the overview of the particle distribution and turbulent structures in the vertical domain visualized by Q-537 
criterion. The particles are coloured by the instantaneous velocity magnitude (t=200 for case No.1 and No.2, t=400 538 
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, 539 
the circles/points are the particles which is 100 times bigger than its real size. 540 

 541 

The particles’ stripes length scales are determined by the vortex structures development in the 542 

VP regions. As mentioned, the upstream part of the patch region R3 is not the region occupied 543 

by rich turbulent structures in the sparse cases of No.2, No.5, though the flow velocity in R3 is 544 

higher than in the R5, R7 regions of the VP. The interesting observations are that the particles 545 

stripes stretch along the entire growing region (R3) in both sparse cases and begin to disperse 546 

only in the most intensive turbulent region (R5). However, for the dense Cases No.1, No.3, the 547 

stronger blockage effects highly reduce the length of growing region (R3) and stripes of 548 

particles are hard to be observed. Thus, we conclude that the stripes of particles in the upstream 549 

region of the VP are governed by the Dn or the initiation turbulent length scale, i.e., the stem 550 

diameter size.  551 

 552 

4.1.2 The relationship between the vertical vorticity and particle distribution 553 

Apart from the close relationship between flow patterns and particle organization visualized 554 

by Q-criterion, a highly surprising finding is that the distribution of particles perfectly coincides 555 

with the vertical vorticity distribution, especially in near channel bottom region. To 556 

demonstrate this finding, the instantaneous flow domain is sliced by horizontal planes through 557 

the VP and suspended particles in various heights where the contours of the vertical vorticity 558 

component are presented. 559 
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(a) 

 

(b) 

 

Fig.13 (a) the vorticity distribution contour while hiding the particles in this slice. (b) the presentation of particle 560 
distribution and the vertical vorticity distribution in the height Y/Dp=5. For clarity, the circles/points are the 561 
particles which is 100 times bigger than its real size. 562 
 563 

Fig.13(a) presents the instantaneous horizontal contour slice of vorticity in Y/Dp=5. Fig.13(b) 564 

shows the particle distributions in this slice. What stands out is that the visible margin of 565 

particles in the non-vegetated region matches the vorticity contour surface (vorticity=2s-1), 566 

which is illustrated by the marked line developing from the leading edge. These two pictures 567 

clearly demonstrate that the particles preferential concentration is strongly governed by the 568 

vorticity distribution in the near-bottom region. This finding was also observed in other cases, 569 

like case No.2 shown in Fig.15. It is a good open research question that try to find a qualitative 570 

relationship between this vorticity value to the vegetation and flow parameters such as d, Dn, 571 

and Reh in future study. 572 
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(a) Y/Dp=50 

 

(b) Y/Dp=200 

 

 

(c) Y/Dp=500 

 

 

 

(d) Y/Dp=500 
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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 573 
in case No.1. (d) highlights the particles distribution by setting the vorticity contour (c) as transparent. For clarity, 574 
the circles/points are the particles which is 100 times bigger than its real size. (e) The contour plot of TKE on the 575 
vertical slice parallel to the side wall (Z/Bv=1.6). 576 
 577 

Fig.14(a)(b)(d) indicates that the margin of the particle distribution becomes blurred and does 578 

not exactly match the vertical vorticity component distribution, as the slice location rises over 579 

Y/Dp=30. Nevertheless, the particles concentration is still low inside the mixing layer due to its 580 

vortices. This gradual discrepancy of margin of particles and vorticity can be attributed to the 581 

turbulent structures developing from the channel bottom. As the slice moves away from the 582 

channel bed, the particles are not only transported by the vorticity in the horizontal plane but 583 

are also affected by the turbulent structures generating from the channel bed, as shown in Fig. 584 

14(e). 585 

586 

 587 

Fig.15 the relationship of particle distribution and the vertical vorticity distribution in height Y/Dp=5 in case No.2. 588 
For clarity, the circles/points are the particles which is 100 times bigger than its real size. 589 
 590 

Overall, the particles tend to stay in a lower vorticity region in all cases. Comparing the vorticity 591 
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distribution between the dense and sparse cases, the vorticity is strongly affected by the density 592 

of VP. As shown in Fig.15 of the sparse Case No.2, there is no clear vorticity edge developing 593 

from the leading edge until the end of the diverging flow region (R2, X/Bv=4). Thus, the particles 594 

nearly uniformly suspend or deposit in region R2, and no clear segregation happens. At the 595 

developing region (R4) a thinner edge transports the particles as compared to the dense Case 596 

No.1 in Fig.13. In the developed region (R6), the distribution of particles still follows the edges 597 

of the maximum magnitude vorticity, which is consistent with the dense cases.  598 

 599 

4.2 Statistics of particle distribution 600 

To quantify the statistics of particle distribution a Probability Density Function (PDF) and the 601 

variance of PDF are studied to unveil their physics characteristics.  602 

4.2.1 Probability density function of particles distribution in spanwise 603 

For a streamwise region of [x, x+2Bv], the spanwise domain z ∊ [0, 2Bv] is uniformly divided 604 

into M subregions that are numbered from 1 to M. For the ith subregion, the spanwise coordinate 605 

in is [ , ]i i

Bv Bv
z z

M M
− +  where iz  is defined by Eq.(16). The definition of Probability Density 606 

Function (PDF) in the ith subregion is Eq.(17). 607 
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,                                (17) 609 

where Bv is the spanwise length scale of the VP, iN  is the time-averaged number of particles in 610 

the ith subregion. f  denotes the PDF. 611 

 612 

Case No.1 is chosen to show the overview of the variations of PDF along the streamwise 613 

direction, as shown in Fig.16(a). Owing to the presence of VP, the spanwise (Z) uniformly 614 

distributed particles, in region R1, are transported span-wisely during the growth of the 615 
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vortices in the mixing layer along the VP region in the streamwise direction (0≤X/Bv≤16), while 616 

the spanwise non-uniformity reduces after the end of the VP region (X/Bv≥16). By contrast, the 617 

PDFs stay relatively uniform in the spanwise and streamwise directions in Case No.3 because 618 

of no mixing layer was produced by the vegetation patch, as displayed in Fig.16(b). 619 

  

(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 620 
No.1. Note that 0<Z/Bv <1 is vegetated region, while 1< Z/Bv<2 is non-vegetated region. (b)Probability density 621 
function (PDF) in spanwise (Z) located in different streamwise location (X) in Case No.3. 622 

 623 

To study the effects of Dn on the PDF in different subregions, all vegetated cases are compared. 624 

As shown in Fig.16, in the near upstream region of VP (-4≤X/Bv≤0, R1), the flow velocity 625 

gradually decreases, but the distribution of particles is relatively less affected by the flow 626 

slowing down. The spikes of the PDF on the two side walls, where there is an obvious the 627 

preferential wall accumulation i.e., increase of PDF in (Z/Bv=2) than Z/Bv=0, can be explained 628 

by the coherent sweep and ejection events (Marchis et al., 2016) and spanwise flow, caused by 629 

the VP obstruction in near downstream. Moreover, two troughs in the vicinity of the two side 630 

walls (Z/Bv=0.2 and 1.8) can be seen almost in all cases owing to the small scale of vortices 631 

generated by boundary layer of the walls and turbophoresis (Picano et al., 2009, and Sardina et 632 

al., 2012).  633 
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 634 
 635 
Fig.17 Probability density functions in spanwise (Z) located in region R1 (X/Bv =-4) in case No.1, case No.2, case 636 
No.4 and case No.5. 637 

 638 

(i) The diverging flow region, 0≤X/Bv≤4  639 

In this region, the diverging flow in region R2 and the particles’ ‘wiggles’ in region R3 are the 640 

main features. In the diverging flow location, the non-vegetated region R2 (1≤Z/Bv≤2) has 641 

higher PDF, as compared to the vegetated region R3 (0≤Z/Bv≤1). This is because of the sudden 642 

obstruction of the flow leading to a strong diverging flow and the flow bypassing the leading 643 

edge of the VP (Huai et al. 2015). The diverging flow and the bypass flow transport particles to 644 

the region R2 which region is of less flow resistance and thus experiences a higher velocity.  645 

 646 
 647 
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 648 
case No.5. 649 
 650 
 651 

As revealed in Fig.18, the PDF of all vegetated cases collapse into two groups in this leading-652 

edge region (R2, R3, 0≤X≤2Bv), which implies that the density of the VP may have a more 653 

wiggles 
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important role than the Reynolds number of the channel flow (Reh) and the Stokes number of 654 

the particles (Stk), detailed in Table 1, on the distribution of particles in current variables’ space. 655 

Generally, the cases with dense Dn (cases No.1, No.4), have a stronger diverging flow, 656 

generating as twice the PDF than that of the sparse cases in the VP region. However, for the 657 

sparse cases (cases No.2 and No.5) the flow penetration is stronger in VP, thus this PD’s increase 658 

is quite mild near the walls.  659 

 660 

Moreover, for the sparse cases, stronger ‘wiggles’ of PDF in the VP region are presented, as the 661 

contrast with those of the dense VP cases. The ‘wiggles’ of the PDF are the numerical 662 

interpretation of the phenomenon that the particles are accumulated as stripes when 663 

penetrating the leading edge of VP as shown in Fig.12(b)(d) and Fig.15. These ‘wiggles’ of the 664 

particles stripes happen in all cases but are extremely obvious in case No.2, which indicates that 665 

the relatively sparse Dn and higher Reh facilitate this phenomenon of particles flowing through 666 

the stem gaps but are not dispersed by the wakes of the stems. On the other hand, in dense 667 

cases this wake dispersion effect is much stronger, leading to weak ‘wiggles’ in this region. 668 

 669 
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.4 670 
and case No.5. 671 
 672 
 673 

When particles flow into the 2≤X/Bv≤4 streamwise region, the PDF for all cases in the mixing 674 

layer (1≤Z/Bv≤1.5) of the non-vegetated region (1≤Z/Bv≤2) begin to decrease, especially for 675 

Cases No.1 and No.4, with the dense VP. This is because the velocity difference of the shear layer 676 
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is relatively larger than in the cases of sparse VP, leading to the growth of vortices to a stronger 677 

extent in the same streamwise location. It is also worth noting that there has been a marked 678 

PDF drop in the mixing layer region of Case No.1 which has a larger Reh, in the denser VP. 679 

 680 

On the other hand, in the vegetated region (0≤Z/Bv≤1) the strength of these ‘wiggles’ reduce in 681 

Case No1, No.4 and No.5 but keeps the same or even of higher level for case No.2. Thus, we can 682 

believe that the streamwise length scale of the particle stripes in streamwise is inversely 683 

correlated to Dn.  684 

 685 

(ii) The mixing layer developing region, 6≤X/Bv≤12 686 

The mixing layer’s gradual development is a key feature in region R4, where the mixing layer 687 

thickness grows along with the development of turbulent structures and vortices region. As 688 

discussed above, the distribution of the particles is dominated by the vortices’ locations. As 689 

shown in Fig.20(a)(b) of all cases the lowest point of the PDF moves away from the interface 690 

(Z/Bv=1) of VP, where particles are transported downstream in the developing region. These 691 

statistical results are caused by the high vorticity region becoming wider and the Q-criterion 692 

structures of vegetation patch size developing span-wisely as displayed in Fig.12. 693 

 694 

Moreover, the effects of the Dn result in a velocity difference between the vegetation region and 695 

the non-vegetated region, thus affecting the intensity of the vorticity in the mixing layer region. 696 

Therefore, comparing the PDF of the same location between the dense cases to sparse cases 697 

respectively, all dense cases show more highly non-uniform distributions. PDFmax-PDFmin for 698 

Dn=0.063 cases is around 0.19 in both cases No.1 and No.4, while the PDFmax-PDFmin for 699 

Dn=0.025 cases is 0.07 for case No.2 and 0.085 for case No.5. 700 
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(a) (b) 

 701 
Fig.20 (a) Probability density functions in spanwise (Z) located in region R4 and R5 (X=1.5 and 2.5) in case No.1 702 
and case No.2; (b) Probability density functions in spanwise (Z) located in region R4 and R5 (X=1.5 and 2.5) case 703 
No.4 and case No.5. 704 

 705 

(iii) The mixing layer fully developed region, 14≤X/Bv≤16  706 

The key feature in this region (R6) is that the mixing layers are fully developed for the dense 707 

cases, and almost fully developed for the sparse cases. As expected, there is no much variation 708 

in the time-averaged PDF along the different stream-wise locations for each case, as seen in 709 

Fig.21. 710 

 
 

 

(a) (b) 
Fig.21 (a) Probability density functions in spanwise (Z) located in region R6 and R7 (12≤X/Bv≤16) in case No.1 711 
and case No.2; (b) Probability density functions in spanwise (Z) located in region R6 and R7 (12≤X/Bv≤16) case 712 
No.4 and case No.5. 713 
 714 
 715 

It is very clear that the Dn determines the final characteristics of the PDF in the fully developed 716 

region. For the relatively dense patch cases, Dn=0.063, the lowest value of PDF is at Z/Bv=1.5, 717 

which is the middle of the non-vegetation region. By contrast, the minimum PDF stays at 718 

Z/Bv1.2 in the sparse cases, which is closer to the VP interface. This difference owes to the 719 

variation in the turbulent structures’ scales. In relatively dense cases, large turbulent structures 720 
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of the spanwise patch size occupy non-patch domains, entrain the particles to the sidewall or 721 

fasten the particle exchange at the VP interface. Yet, in relatively sparse cases the length scale 722 

of the turbulent structures is about half of that in denser cases, leading to the dispersion of 723 

particles near the interface of VP. 724 

 725 

What stands out in Fig.21(a)(b) is the high difference between the PDFs of the dense and sparse 726 

cases in the vegetated region of the spanwise area of 0≤Z/Bv≤1. There is a peak in the sparse 727 

cases, whereas the PDFs decline in the dense patch regions along Z direction. This can be 728 

explained by the sparse cases sharing a higher penetration distance for the particles, and hence 729 

more particles transport from upstream of the vegetated region but having weaker spanwise 730 

dispersion due to the relative weak turbulent structures. For the dense cases, stronger and 731 

larger vortices entrain deeper into the VP and carry the particles away, leading to the gradual 732 

decline of the PDF span-wisely. 733 

  

(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.2; 734 
(b) Probability density functions in spanwise (Z) located in region R8 (4≤X≤5) case No.4 and case No.5. 735 
 736 

 737 

(iv) The wakes of VP region, 16≤X/Bv≤24 738 

The key feature in this region is that the large wakes of the VP size occupy this region, leading 739 

to even stronger mixing effects than those upstream of the mixing layer. In the VP wake of 740 

region R8, the PDFs tend to return to a uniform distribution because of transport from the 741 
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spanwise neighbour region. As expected, those particles transport are quicker in dense cases 742 

than in sparse cases. 743 

 744 

4.2.2 The variance of particle distribution 745 

 746 

Turbulent structures within and without a vegetation region are highly anisotropic (Penna et 747 

al., 2020, Caroppi et al., 2018, Cui et al., 2008).  The distribution of the particles is non-uniform 748 

along the vortices’ development, as also found by previous studies. For example, De Marchis et 749 

al., (2016) found that particles distribute non-uniformly along with vortices’ development in a 750 

channel bed with roughness. Hu et al., (2002) discussed the particles’ uneven dispersion in a 751 

spatial developing mixing layer. In current study, the particle dispersion a partially vegetated 752 

channel flow is investigated. To quantify this uneven distribution in the spatial and temporal 753 

spaces, the variance of PDF is defined. The variance of spanwise (Z) PDF is investigated along 754 

the streamwise location to characterize the statistics in different regions. The definition is 755 

presented in Eq.(18). 756 
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where ( )if z  is the PDF at zi spanwise location, ( )if z  is the time-averaged ( )if z , N is the PDF 758 

sample times of one specific region [ , ] [ , 2 ]i i

Bv Bv
z z x x Bv

M M
− + + . 759 

 760 

The physical interpretation of the variance of PDF is the normalised fluctuation intensity of PDF 761 

profiles in one certain region, which is highly relevant to the uneven distribution of particles in 762 

the upstream location. High value of the variance of PDF indicates that particles are moving as 763 

parcels, carried by the periphery of large size eddies, and behave with a preferential 764 

concentration in a spatial region (De Marchis et al., 2016, Gualtieri et al., 2009, Hu et al., 2002). 765 

 766 
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(a) Case No.1 

 
(b) Case No.3 

 
(c) 

 767 
Fig.23 (a) the variance of PDF in spanwise(Z) located in the whole streamwise region(-4≤X/Bv≤20) in case No.1; 768 
(b) the variance of PDF in spanwise(Z) located in the whole streamwise region(-4≤X/Bv≤20) in Case No.3; (c) the 769 
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. 770 
 771 
 772 

What can be clearly seen in Fig.23(a) is the significant growth of the variance of PDF as the 773 

observation region moves from R1 to R8 stream-wisely (-4≤X/Bv≤20). This trend indicates that 774 

the presence of vegetation continuously interrupts the flow condition in the streamwise 775 

direction, leading to more intensive turbulent flow events and higher non-uniform particle 776 

parcels’ distribution. However, this variance of PDF decays after the end of the VP region in the 777 

streamwise direction, as seen by comparing the values between the X/Bv=14 and X/Bv=18. By 778 

contrast, Fig.23(b) illustrates that the variance of PDFs stays at a relatively low level in the bare 779 

channel of Case No.3 in both the spanwise and streamwise directions, as compared with the 780 
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vegetated Case No.1. 781 

 782 

(i) The diverging flow region  783 

In this region, the spanwise flow can be categorized into three patterns: wakes region having 784 

length scale of the stem’s diameter in the VP (R3, 0≤Z/Bv≤1), the onset of mixing layer region 785 

with growing but small vortices (R2, 1≤Z/Bv≤1.4~1.6), as well as the uninterrupted region out 786 

of the mixing layer (R2, 1.4~1.6≤Z/Bv≤2), as displayed in Fig.24(a)(b). There is an over 50% 787 

increase of the variance of PDF in the VP region (R3) and mixing layer region (R4) except for 788 

the mixing layer outer region (R4), as compared with the upstream variance profiles in R1 789 

region (Fig.24(b)). The plots of variance also show that the width of the mixing layer region 790 

increases from 1≤Z/Bv≤1.5 to 1≤Z/Bv≤1.6 in X/Bv=0 and X/Bv=2 respectively.  791 

 792 

Furthermore, the dense Cases No.1, No.4 always experience a higher variance than that of the 793 

sparse cases No.2 case No.5, accordingly, owing to relatively larger scale vortices shedding from 794 

the larger stems’ diameter in denser cases. Larger turbulent structures have stronger 795 

dispersion capability. 796 

  

(a) (b) 
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) 797 
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. 798 
 799 
 800 

(ii) The mixing layer developing flow region 801 

Making the comparison in the streamwise direction, the variance of the downstream profile 802 
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(X/Bv=10) is slightly larger than that of the upstream (X/Bv=6) due to the developing 803 

characteristics of the flow pattern. For the span-wise variance distribution in the developing 804 

region, there are noticeable higher variance values than that in the VP region, mainly resulting 805 

from the mixing effects. Larger scale eddies highly redistribute particles as parcels along the 806 

periphery of large eddies. Moreover, the Dn behaves as an active factor to increase the variance 807 

in the non-vegetated region. As shown in Fig.25(a)(b), the dense cases have a slightly stronger 808 

variance in contrast with the sparse cases, respectively, in the corresponding locations, which 809 

indicates that the PDF variance is controlled by the dominant eddy scales. 810 

  

(a) (b) 
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 811 
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 812 
No.5. 813 
 814 

(iii) The mixing layer fully developed region  815 

Generally, the variance values in the fully developed region are 20% more than their 816 

counterparts in the developing region. Detailed differences are discussed hereafter. Displayed 817 

in Fig.26, there is a low point of the variance in the middle region of VP (Z/Bv=0.5). This is 818 

because the uniformly distributed stems act as ‘filters’ and their wakes improve the uniformity 819 

of particles as they penetrate through the VP. Also, the ‘wiggles’ of variances that happen in the 820 

flow region (R3) of the VP are diminished in the developed region (R7). This is because of the 821 

accumulation of superposition effects of the stem-scale wakes. In the non-vegetated region, the 822 

peaks of variances move from the nearside of the interface (1.1≤Z/Bv≤1.3) to the middle of this 823 

region (1.4≤Z/Bv≤1.5) where a large scale turbulent flow pattern dominates this phenomenon, 824 
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as displayed in Fig.11(a).    825 

  

(a) (b) 
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 826 
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. 827 
 828 

(iv) The wake of the VP region 829 

What is interesting in Fig.27 is the collapse of the lines in the non-vegetated region of the 830 

various cases and even in different streamwise locations, as compared to the developing and 831 

developed regions in Figs.25 and 26. This indicates that the decay of the large vortices is quite 832 

slow after the end of VP, the size of turbulent structures nearly unchanged along the wakes of 833 

VP (18≤X/Bv≤20), as shown in Fig.12. Next, we can also observe that the Dn nearly plays no 834 

difference between the corresponding case group (No.1~3) and case group (No.4~6). However, 835 

the effects of the inlet channel condition (quantified by Reh) and the Stokes number alter the 836 

maxima of the variances between case No.1 to case No.4 and case No.2 to case No.5, where each 837 

pair has the same geometry but different Reh and Stk. Additionally, there is an augmentation of 838 

the low points of variance in the patch region (0≤Z/Bv≤1) after the VP blockage ended, and 839 

relatively large wake eddies can reach this region and transport the particles more uniformly. 840 
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(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. 841 
(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. 842 

 843 

4.3 The vertical entrainment effect and retention effect of VP 844 

4.3.1 The vertical entrainment of particles in VP 845 

In this study, the vertical entrainment effect is defined as an upward motion of suspended 846 

particles from the lower water volume to the higher water volume. It is highly interesting that 847 

the vegetation patch moves the particles upwardly, while the particles pass through the 848 

vegetation patch as illustrated in Fig.28(a)(b). Previous studies observed the resuspension of 849 

particles in sparse submerged vegetation (Luhar et al, 2008, Van Katwijk et al., 2010, Lawson 850 

et al., 2012). Luhar believed that the resuspension happens in a VP whose Dn is less than 0.1 in 851 

submerged vegetation condition, because of the mixing layer can penetrate the vegetation layer 852 

and touch the riverbed. However, in the present research, the upward entrainment of particles 853 

also happens in the sparse emergent vegetation condition (Dn=0.063 and 0.025 for Case No.1 854 

and Case No.2 respectively). 855 

 

(a) Case No.1 

 

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

 

Fig.28 (a) the side view of particle distribution in Case No.1 (a channel with partial vegetation).  (b) the side view 856 
of particle distribution in Case No.2 (a channel with partial vegetation).  (c) the side view of particle distribution 857 
in Case No.3 (a channel without vegetation). (a)(b)(c) share the same inlet conditions including the flow condition 858 
and particle releasing condition except for the VP. The height of these contour plots is displayed as twice of original 859 
ones to increase the clarity. 860 
 861 

To quantify the difference in particle concentration of Cases No.1~2, the vertical particles 862 

distribution profiles are plotted along the VP region for various streamwise locations in Fig.29. 863 

 864 
 865 

  
(a) (b) 

Fig.29 (a) the vertical particles distribution profiles are plotted along the stream-wisely (0≤X/Bv≤14) in the VP 866 
region in Case No.1. (b) the vertical particles distribution profiles are plotted along the stream-wisely (0≤X/Bv≤14) 867 
in the VP region in Case No.2. 868 
 869 
 870 

In the region (R3 and R4, 0≤X/Bv≤12), the concentration profiles quickly vary in the near-bed 871 

region, while the particles are gradually transported to higher locations. It is interesting to find 872 

that Case No.1 exerts stronger upward suspension capability than that of Case No.2, since the 873 

Dn of the No.1 is higher than No.2. This observation completes the previous understanding that 874 

vegetation does not always have a strong ability to promote sediment deposition. 875 

 876 

In the region (R7, 12≤X/Bv≤16), the vertical particle distribution profiles reach to a fully 877 

developed state. For Case No.1, the vertical distribution is quite uniform, and the profile is 878 

significantly reshaped by the vegetation compared to the profile of the upstream non-vegetated 879 
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region (R1). The reshaping processes of the particle profile is faster than that of Case No.2, as 880 

shown in Fig.29(b). This numerical finding indicates that the presence of vegetation unifies the 881 

vertical concentration profiles, which is consistent with the experimental result of Lu (2008) 882 

that the vertical distribution of suspended sediment in a vegetated channel is obviously more 883 

uniform than that in the non-vegetated channel flow. However, the present simulation results 884 

indicate the higher Dn clearly promotes the uniformity of vertical concentration on the 885 

condition that Dn<0.1. 886 

 887 

Comparing the results of Case No.1 and Case No.2, the sparse VP in Case No.2 also suspends the 888 

particles but with less upward entrainment effect. As shown in Fig.28(c), the non-vegetated 889 

Case No.3 with same flow condition and suspended sediment inlet condition was also simulated. 890 

The vertical concentration profile stays unchanged along the whole domain and no upward 891 

entrainment event happens, which indicates the upward suspension role of the sparse 892 

vegetation (Dn<0.1). 893 

 894 

The physical mechanism of this vertical entrainment of particles are explained as follows. As 895 

can be seen in Fig.28(a)(b), the upward entrainment of particles gradually happens while the 896 

particles pass through the emergent VP. This process is for the first time numerically predicted 897 

and presented to the best of the author’s knowledge. Li et al., (2020) pointed out that vertical 898 

entrainment effect of sediment by flow depended on the vertical velocity component. They also 899 

argued that turbulent kinetic energy (TKE) could cause the fine sediment to re‐suspend in the 900 

process of settling and thus to oscillate in a certain vertical range. Therefore, both the 901 

distributions of the vertical velocity and TKE are explored and discussed separately as follows. 902 

 903 

Though the spatial averaged streamwise velocity drastically decreased, the vertical 904 

entrainment of particles can be explained as the effects of vertical velocity generated by the 905 
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flow-vegetation-riverbed interactions, i.e., the turbulent horseshoe structures. The vertical 906 

velocity contours are displayed and compared in Fig.30. The contour plot of vertical velocity 907 

where larger than the settling velocity (0.005m/s) is marked as yellow or light colour, occupies 908 

most of the VP.  909 

 910 

The velocity difference between a particle and surrounding flow produces a force. A vertical 911 

velocity component larger than the particle’s still water deposition velocity means that the 912 

upward force component is larger than the effective weight (including the effects of buoyancy) 913 

of this particle. Thus, an upward acceleration is produced. Then, a time integration of this 914 

upward acceleration leads to an upward velocity and displacement. The vertical velocity 915 

entrains the particles from the lower particle-rich region to the upper particle-less region. Also, 916 

a higher Dn leads to a larger area in the slices in Fig.30 where vertical velocity larger than the 917 

deposition velocity when comparing Fig.30(a) to Fig.30(b) and Fig.30(c) to Fig.30(d), which 918 

implies why higher Dn (Dn<0.1) entrains fine sediment vertically faster.  919 

  

(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 

 
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) 920 
in Case No.1 and Case No.2 respectively. (c) and (d) are the contours of time-averaged vertical velocity Uy (m/s) 921 
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 922 
stems. The five white lines are the stems in each figure.  923 

 924 

Nino and Garcia (1996) pointed out that the sediment particles were picked up from the bed by 925 
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flow ejection events that were related to the near-bed lift force. Latest studies show that the 926 

turbulent kinetic energy (TKE) can be a good indicator in predicting the upward motion of 927 

particles from the bed. Yang et al., (2016) suggested that near-bed TKE may have a higher effect 928 

than bed shear stress on the initiation of sediment motion. The TKE model works both for the 929 

bare bed and vegetated bed. Tseng and Tinoco, (2021) believed the TKE can indicate the total 930 

turbulence generated from vegetation, bed, and coherent structures and hence calculated the 931 

effective bed shear velocity. Therefore, the instantaneous contour plots of TKE on slice 932 

X/Bv=3.795 and 14.08 are presented in Fig.31 as a representative.  933 

  

(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 

 

Fig.31 (a) and (b) are the contours of instantaneous turbulent kinetic energy (TKE) (m2/s2) in the VP region R2, 934 
R3 (X/Bv=3.795) in case No.1 and case No.2 respectively. (c) and (d) are the contours of instantaneous turbulent 935 
kinetic energy (TKE) (m2/s2) in the VP region R6, R7 (X/Bv=14.08) in case No.1 and case No.2 respectively. The 936 
white lines are the vegetation stems. The five white lines are the stems in each figure. 937 

 938 

As shown in Fig.31, the presence of stems increases the TKE in the vegetated region, thus 939 

promotes the upward suspension of suspended sediments. Case No.1 with the higher 940 

vegetation density has a stronger TKE that may present a stronger capability of resuspending 941 

particles than that of Case No.2. It is worth to mention that the high regions of TKE are the 942 

boundary layer or wakes regions of stems.  943 
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 944 

In summary, all previous studies agree that the upward entrainment of particles is produced 945 

by the turbulent structures or turbulent properties.  Some researchers believe that the TKE is 946 

a good indicator or explanation of the upward motion of particles, while some researchers (Li 947 

et al., 2020) believe the vertical (upward) velocity component of secondary flow can be more 948 

of the cause of the upward motion of particles. Moreover, other indicators including the 949 

turbulence skewness factors and turbulent shear stress are also used to explain the vertical 950 

motion of particles. The authors of this paper prefer the explanation by vertical velocity, but 951 

still believe that further studies are needed to answer this open question. 952 

 953 

4.3.2 The retention of particles in vegetation patch 954 

Comparisons were made between vegetated and non-vegetated cases; the presence of 955 

vegetation may make the particles’ concentration higher in the patch region than in the same 956 

region with no vegetation canopy. Besides, the mixing layer region produced by vegetation 957 

contains less particles because of the centrifugal effects of vortices inertially moving particles 958 

away from the centre region of the vortex region (Hu et al., 2002). Therefore, we conclude that 959 

the vegetation patch in a natural channel does not simply increase or decrease the particles 960 

concentration.  961 

 962 

Moreover, because of the upward suspension of particles, the particle concentration is 963 

significantly higher than that in the same region of the non-vegetated channel for high vertical 964 

locations i.e., Y/Dp≥500, as illustrated in Fig.32(a)(b). This retention of particles in the channels 965 

maintains the evolution of ecosystem. However, in the low location Y/Dp≤30 the concentration 966 

is drastically lower than that in the non-vegetated case, as shown in Fig.32(c)(d). This 967 

completes the previous understanding that the particles’ concentration is always higher in the 968 

vegetated regions than in the non-vegetated regions or cases. 969 
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(a) The vegetated case No.1 Y/Dp=500 

 

(b) The non-vegetated case No.3 Y/Dp=500 

 

(c) The vegetated case No.1 Y/Dp=30 

 

(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/Dp=500. (c) the 970 
horizontal slice of case No.1 in Y/Dp=30. (d) the horizontal slice of case No.3 in Y/Dp=30. Black points denote the 971 
particles in this slice. The size of the points is 100 times bigger than their real size for clarity.   972 

 973 

5. Conclusions 974 

The transportation of particles in a partially vegetated straight channel is investigated using 975 

high-fidelity CFD(LES)-DPM method.  The distribution of particles in the flow-parallel edge of 976 

the VP has highly interesting dispersion behaviour. The particles are uniformly distributed in 977 

the spanwise direction, upstream of the vegetated region. Turbulent structures grow in the 978 

mixing layer on the edge of vegetation patch, resulting in depletion of particles in this layer. 979 

Canopy with a higher density generates more turbulent structures, exerting stronger spanwise 980 

dispersion effects in the VP outer region (R4) and promotes spatial uneven distribution of 981 

particles. 982 

 983 

Another new finding is that particles’ distribution highly coincides with the contour margin of 984 

vertical vorticity component in the edge of mixing layer, especially in the near-bed region. This 985 
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is because particles prefer to stay in a lower vorticity region and gather at the mixing layer edge. 986 

However, as the locations of sample plane (slice) move away from the channel bed, the 987 

agreement between the particles’ distribution and vertical component of vorticity becomes 988 

blurred. This is because of the turbulent structures developing from the channel bed that 989 

interrupt particles’ distribution.  990 

 991 

The Probability Density Function (PDF) was defined to quantify the particles’ spanwise 992 

distribution. When comparing the PDF of the same location between the relative dense cases to 993 

sparse cases, respectively, all denser cases showed lower PDF values in the mixing layer of the 994 

developing region (R4) and developed region (R6). 995 

 996 

The variance of PDF was defined to quantify the normalised fluctuation intensity in a target 997 

zone, which is highly relevant to the nature of particles’ uneven distribution carried by the 998 

upstream turbulent structures. A significant growth was observed in the variance of PDF as the 999 

observation region moved along the streamwise direction from R1 to R8 regions (-4≤X/Bv≤20). 1000 

This trend indicates that the presence of vegetation continuously interrupts the flow condition 1001 

in the streamwise direction, leading to more intensive turbulent flow events and higher non-1002 

uniform particle parcels’ distributions both temporally and spatially. 1003 

 1004 

The variance of PDF distribution in the developing region (R4) is markedly higher than that in 1005 

the VP’s region R5, mainly due to the mixing effects. The vegetation density behaves as an active 1006 

factor to increase the variance in non-vegetated region.  Moreover, in the non-vegetated region, 1007 

the peaks of variances move from the nearside of the interface (1.1≤Z/Bv≤1.3) to the middle of 1008 

this region (1.4≤Z/Bv≤1.5) where large scale turbulent flow patterns dominate this 1009 

phenomenon.    1010 

 1011 
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The particle upward suspension by vegetation patch is simulated during the flow pass through 1012 

the stems. The relative dense cases (Dn=0.063) have a stronger upward suspension effect than 1013 

relative sparse cases (Dn=0.025), under the condition that Dn<0.1. It agrees with previous 1014 

argument of Dn=0.1 as a threshold assuming drag coefficients of stems as 1.0 (Nepf. 2012).  1015 

 1016 

Because of the upward suspension of particles in vegetated cases, the particle concentration is 1017 

pronounced higher than the same region in non-vegetated channel for same vertical locations 1018 

i.e., Y/Dp≥500. However, in the low location Y/Dp≤30 the concentration is drastically lower 1019 

than in the non-vegetated cases. 1020 

 1021 

In future research, the influence of the flexibility of vegetation (Wang et al., 2019) and the 1022 

bending effects of open channel (Wang et al., 2020) on suspended sediments transportation 1023 

will be considered. 1024 

 1025 

6. Nomenclature 1026 

a The frontal area per canopy volume (m2) 

Bv The spanwise length scale of the vegetation patch (m) 

Cd The drag coefficient for a single stem 

Cl The lift coefficient for a single stem 

d The diameter of a single stem (mm) 

Dn Vegetation density 

pD  The diameter of particles (m) 

()f  The probability density function (PDF) 

( )if z  The PDF at zi spanwise location 

( )if z  The time-averaged f(zi) 

Fr The channel Froude number  
f

iF  Particle-fluid interaction forces (N) 
g

iF  Gravity of particle (N) 
c

i jF  
  

Contact force acting from object j (particle or wall) to particle i (N) 

nc

ikF  
Non-contact force acting on the particle i by particle k or other 
sources (N) 

dF  
  

Drag (N) 
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pF  
  

Pressure gradient (pa/m) 

F   Viscous forces (N) 

vmF  
  

Virtual mass forces (N) 

BF  
  

Basset force (N) 

saffF  Saffman force (N) 

MagF  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 

 Torque acting from object j (particle or wall) to particle i (Nm)  

N The PD sample times of one specific region 

 

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 

Red The Reynolds number based on the diameter of stem 

Reh The channel Reynolds number 

Rep The particle Reynolds number 

RST Relative Stable Test  

S The concentration of particles (number/m3) 

Sp 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) 

fU  Fluid phase velocity (m/s) 

pU  Velocity of particles (m/s) 
p

iU  Translational velocity of ith particle (m/s) 

 

Averaged inlet velocity (m/s) 

Uy The vertical component of flow velocity (m/s) 
Var  The variance of the PDF 

   
The volume of stems (m3) 

 

The volume of the bulk of the patch region (m3) 
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X The streamwise direction/coordinate 

XD The length scale of the diverging flow in streamwise direction 

Y The vertical direction/coordinate 

Y+ Dimensionless wall distance 

 

The spanwise coordinate, in the ith subregion 

Z The spanwise direction/coordinate 

α Scale factor α = 2.3 ± 0.2 

αf Fluid phase fraction 

β Scale factor β= 1.5 ± 0.2 

τf Fluid-phase viscous stress tensor (pa) 

   Angular velocity (rad/s) 

 

The size of first layer mesh around the single stem (mm) 

 

Viscosity of water (m2/s) 

f  
  

The density of fluid (kg/m3) 

p  The density of particles (kg/m3) 
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