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Key Points:

e A dispersive model is proposed to investigate the sediment transport in the vegetated
open channels with parameters fitted with experiments.

e Analytical solution of the vertical suspended sediment concentration profile is derived for
submerged and emergent vegetated open channels.

e The effects of dispersion on suspended sediment concentration in the vegetated channels
is demonstrated by the double-averaging method.
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Abstract

Simulation of the suspended sediment concentration (SSC) has great significance in
predicting the sediment transport rate, vegetation growth and the river ecosystem in the vegetated
open channel flows. The present study focuses on investigating the vertical SSC profile in the
vegetated open channel flows. To this end, a model of the dispersive flux is proposed in which
the dispersive coefficient is expressed as partitioned linear profile above or below the half height
of vegetation. The double-averaging method, i.e. time-spatial average, is applied to improve the
prediction accuracy of the vertical SSC profile in the vegetated open channel flows. The
analytical solution of SSC in both the submerged and the emergent vegetated open channel flows
is obtained by solving the vertical double-averaging sediment advection-diffusion equation. The
morphological coefficient, a key factor of the dispersive coefficient, is obtained by fitting the
existing experimental data. The analytically predicted SSC agrees well with the experimental
measurements, indicating that the proposed model can be used to accurately predict the SSC in
the vegetated open channel flows. Results show that the dispersive term can be ignored in the
region without vegetation, while the dispersive term has significant effect on the vertical SSC
profile within the region of vegetation. The present study demonstrates that the dispersive
coefficient is closely related to the vegetation density, the vegetation structure and the stem
Reynolds number, but has little relation to the flow depth. With a few exceptions, the absolute
value of the dispersive coefficient decreases with the increase of the vegetation density and
increases with the increase of the stem Reynolds number in the submerged vegetated open
channel flows.

Keywords

Suspended sediment concentration; Double-averaging method; Dispersive flow;
Vegetated open channel flows;

1 Introduction

Aquatic vegetation in the vegetated open channel flows can significantly affect flow
velocity and turbulence structure and momentum exchange processes (Huai et al., 2009a; Nepf,
2012; Li et al., 2015; Li et al., 2019) as well as the sediment transport (Le Bouteiller & Venditti,
2015; Li & Katul, 2019; Yang & Nepf, 2019). Previous studies (Wang et al., 2016; Li et al.,
2018) showed that the vertical profile of suspended sediment concentration (referred as SSC
hereafter), an important characteristic for waterway ecosystem, is much more complicated in the
vegetated open channels than that in channels without vegetation, due to the great variation of
the turbulent strength in the vertical direction. Studies of Kim et al. (2018) and Vastila and
Jarveld (2018) on the suspended sediment deposition within and around a circular vegetation
patch showed that the vegetation enhanced the deposition of sediment in the vegetation region.
These studies showed that aquatic vegetation greatly affects the sediment transport rate. The
previously dominant methodologies of simulating the suspended sediment transport are based on
the time-averaging Navier-Stokes equations or advection-diffusion equations, including turbulent
diffusion model (Li et al., 2018; Kundu, 2019), two-phase flow model (Fu et al., 2005) and flume
experimental model (Kim et al., 2018; Vastila & Jéarveld, 2018). In the vegetated open channels,
the spatial heterogeneity of flow field is significantly enhanced by the presence of aquatic
vegetation. In order to improve the simulation accuracy in the vegetated open channel flows, the
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double-averaging methodology is introduced to extend the time averaging flow field to time-
spatial averaging field (Nikora et al., 2007a; Wang et al., 2014).

The double-averaging method is usually applied to the large eddy simulation (LES),
direct numerical simulation (DNS) and physical model to study the spatial heterogeneity in the
open channel flow and airflow. To investigate the impact of heterogeneity on edge-flow
dynamics, Boudreault et al. (2017) applied double-averaging method to the LES to simulate the
forest-edge flows. Their results showed that the forest heterogeneity facilitated flow penetration
into the vegetation (i.e. trees and plants). In the roughness region, e.g. rough bed, the
heterogeneity is strong. Stoesser and Nikora (2008) and Han et al. (2017) applied the LES with
the double-averaging method to evaluate the effect of the roughness on the rough-bed flows. In
addition, Coceal et al. (2006, 2007, 2008) used the regular arrays of cubical obstacles as the
rough-bed to study the turbulent flow and the dispersive stress in roughness flows with the DNS
and the double-averaging method. Laboratory experiment is another methodology to study the
flow with spatial heterogeneity. Poggi and Katul (2008a) and Moltchanov et al. (2015) carried
out flume experiments to investigate the effect of the spatial heterogeneity on the flow structure
in the vegetated open channel flows, while Spiller et al. (2015) conducted flume experiments to
examine the role of the heterogeneity in non-uniform steady and unsteady flow over a rough bed.
These numerical and experimental studies showed that the double-averaging method can reduce
the inconvenience of time-averaging variables in volume resulted from the spatial heterogeneity.
In addition, the dispersive flux (or stress), an additional key term in the double-averaging
method, is generated due to the deviation of time averaging field from space averaging field
(Tanino & Nepf, 2008a).

So far the dispersive term in the vegetated open channels has been poorly defined,
making it difficult to clearly express the dispersive stress. Florens et al. (2013) conducted
laboratory experiments and measured the fluctuation velocity using particle image velocimetry
(PIV) to investigate the dispersive stress in the vegetated open channel flows. Poggi et al.
(2004a, 2004b) and Poggi and Katul (2008b) conducted flume experiments with the submerged
vegetation made of rigid cylindrical rods. They found that the maximum value of the dispersive
stress had comparable magnitude (almost 30% of the total stress) with the Reynolds stress
(almost 70% of the total stress) within the vegetation region for sparse vegetated flow and was
trivial for dense vegetated flow. They also found that the dispersive stress appeared to decrease
with the increase of vegetation density. Righetti (2008) conducted experiment with the natural
vegetation (salix pentandra) and showed that the dispersive stress was large and could not be
ignored in natural flexible vegetated flow. These experimental studies revealed that (i) the
dispersive stress was significant within the vegetation region, insignificant in the region without
vegetation; and (ii) the value of the dispersive stress reached the maximum value at the position
close to the half height of vegetation and gradually decreased toward both the channel bottom
and the water surface. In addition, the dispersive stress is not only significant in the vegetated
flow, but also in the rough-bed flow (Nikora et al., 2007b). The study of Nikora et al. (2007b) for
the flow over a rough-bed showed that the double-averaging method could identify the specific
flow layers and flow types and the dispersive stress existed in the roughness region of the rough-
bed flow.

Most previous studies only focused on the phenomenon of the dispersive stress. To the
authors’ best knowledge, so far little knowledge exists about the effect of the dispersive flux on
the vertical SSC profile, the application of the dispersive term on the mass transport and the
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model of the dispersive coefficient. This motivates this study, which focuses on developing a
new dispersive coefficient model and investigating the relationship of dispersive strength with
canopy density and the vertical SSC profile in the steady vegetated open channel flows.
Recently, Tai and Huang (2019) simulated the suspended sediment transport with the stochastic
Lagrangian model. However, their simulated vertical SSC profile was inconsistent with the
experimental observations (see Figure 11 in the literature of Tai and Huang (2019)). Huai et al.
(2019) took dispersion into account and applied the random displacement model, also a
Lagrangian model, to simulate the vertical SSC profile in the vegetated open channel flows.
Though their simulated results were almost consistent with the experimental observations, some
deviation still existed in the region of vegetation for the submerged vegetated open channel flow.
The reason for this deviation in the vegetation region may be due to the hypothesis that the
profile of the dispersive coefficient was the same as the turbulent diffusion coefficient with
different magnitude. This could mean that the distribution of the dispersive coefficient is
different from the turbulent diffusion coefficient in the vegetated open channel flows. Yuuki and
Okabe (2002) used the dispersive coefficient, the averaged longitudinal flow velocity of cross-
section and the averaged SSC of cross-section to model the dispersive flux. As discussed above,
the comparable magnitude of dispersion only exists in the vegetation region and the local SSC
differs from the averaged SSC of cross-section. Therefore, from the point of view of the
physical mechanism, it will be much better to use the local SSC to scale the dispersive flux. In
order to improve the simulation of the vertical SSC profile, in this study, the double-averaging
method is thus applied to investigate the sediment transport in the vegetated open channel flows
by assuming that the dispersive term only exists in the vegetation region. In order to reduce the
deviation caused by the application of the averaged SSC of cross-section, a new approximation
approach is then proposed in this study to express the dispersive flux of suspended sediment,
where the dispersive flux is proportional to the local SSC in the vegetated open channel flows.
The analytical solution of the vertical SSC profile is obtained by solving the double-averaging
advection-diffusion equations, which are influenced by vegetation density, vegetation structure,
flow characteristics and the spatial arrangement of vegetation.

2 Theory

2.1 Double-averaging Method

U u <u>

7 7 Z 74 Z Z)|
P 1
@ 1
r L Y

% 7 % 2 7 Z 2

instantaneous time averaged time-spatial
velocity velocity averaged velocity

Figure 1. The schematic diagram of time-spatial averaging method for platforms flow.
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Though the double-averaging method can be found in previous studies (e.g. Nikora et al.,
2007a, b), we present a brief description for convenience and completeness. To this end, the flow
between the platforms, as shown in Figure 1, is taken as an example to demonstrate the concept
of the double-averaging method. The instantaneous longitudinal flow velocity (denoted as u) can
be decomposed as u=u +u" based on the Reynold’s decomposition approach, while the time-
averaging velocity can be further decomposed as o=(t)+u". In these decompositions, the

overbar denotes the time averaged variables, the single prime represents the fluctuation velocity,
i.e. the deviation of instantaneous variables from the time-averaging variables, the double primes
denotes the time averaged deviations from spatial averaged variables and the symbol ( )

represents the spatially averaged variables. Instantaneous velocity, therefore, can be expressed as
u=(T)+u"+u' in the time-spatial averaging flow field. This means that the double-averaging

method includes two main steps: (1) firstly applying time averaging to the equations for
instantaneous variables; (2) secondly applying the spatial averaging to the equations which have
already been averaged in the time domain.

Though the double-averaging method has been widely applied to investigate the flow
field in rough open channel and river flow, the method has been hardly ever applied to estimate
the vertical SSC profile in the vegetated open channel flows. In this paper, the authors will
propose a new model for describing the dispersion in sediment-laden flow with vegetation and
apply the double-averaging method to calculate the vertical SSC profile. The instantaneous
advection-diffusion equation of sediment is written as following based on the mass conservation:

o(u.c
& o0 o fy k) g g O
ot OX. OX. axj

] ]

where t represents time, c is the instantaneous SSC, x; is the jth direction (x =x represents the
longitudinal direction; x, =y represents the transverse direction; x, =z represents the vertical
direction), u; (j=1, 2 and 3) is the instantaneous flow velocity component in the directions of x, y

and z, respectively; K represents the molecular diffusion coefficient and S represents the source

or sink of sediment. The first term in Equation (1) is the variation of SSC with time, the second
term represents the transport of sediment advection flux in the x; direction and the third term is

the transport of sediment molecular diffusion flux.

Applying the double-averaging approach by inserting the decomposed instantaneous
variables of ¢, u; and S as p=p+@' (where ¢ represents the variables) into Equation (1)
yields:

0,— . O/ Nre 0 oc+c) | = <.

a(c +c)+a—xj[(uj+uj )(c +C)]_8_XJ{Km8—XjJ+S +5'=0 )
Applying time-averaging to Equation (2) yields:

6 —— a _ N /= ' 8 8(5+C') - ~

a(c+c)+&j[(uj+uj )(c +c)}—8—xj(Kma—xjj+S+S =0 (3)



172

173
174

175

176
177

178

179
180
181
182

183
184
185

186
187

188

189
190

191

192
193
194

195

196

197
198

199

Confidential manuscript submitted to Water Resources Research

According to the rules: f +¢p=f +¢, of =cf and f'=0 (where f represents a

variable and ¢ is a constant), Equation (3) can be simplified as (Tanino & Nepf, 2008a; Termini,
2019):

a—C+i(u T+u, 'c')—i K, T 1450 (4)
ot o, x| "mex,

Using the decomposition of ¢, T; and S as ?={(p)+¢" , applying the spatial-averaging
method and according to the rules: (»")=0 and <<g_p>> - <(}> , Equation (4) can be expressed as:

R TGRS o (S ORI

ot OX i ax oX i

Equation (5) is the double-averaging advection-diffusion equation. The first term of the
Equation (5) expresses the variation of the double-averaging SSC with time. The second term is
the transport of advection flux resulted from the averaged flow velocity. The third term is the
transport of diffusive flux related to the turbulent fluctuations u; " and the fourth term is the
transport of the dispersive flux associated with the spatial heterogeneity of time-averaging
velocity field. The molecular diffusion term is ignored as it is much smaller than the turbulent
diffusion and the dispersive flux. Assuming that no sediment is added into the river, therefore,

the sediment source/sink term <§> can be written as —8((0(6))/(% (i.e. the transport of

sediment settling flux) in sandy flow, where @ is the settling velocity of sediment particles.
olc

Furthermore, in the steady uniform open channel flow, one has % 0, 8( )/8x =0

for j=1, 2 and 3, a( u,c )/ax —0 and o((u"c") )/6X =0 for j=1, 2 (i.e. in both the

longitudinal and the transverse directions). Equation (5) can then be simplified as:

2

OX,

The additional dispersive flux term needs to be appropriately determined in order to
accurately simulate the vertical SSC profile in the steady equilibrium vegetated open channel
sediment-laden flow.

2.2 The Dispersive Flux

The turbulent diffusion flux in Equation (6) is determined by the Fickian transport theory
(van Rijn, 1984; Yang & Choi, 2010; Termini, 2019):

<ug_'c'>=—|<z%?=—r<z‘z—§ )
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where K, represents the vertical turbulent diffusion coefficient. In Equation (7), for
simplification, (c) is replaced by C to represent the time-spatial averaged SSC.

In flow without vegetation, the dispersive flux is usually ignored as it is much smaller
than the turbulent flux. However, in the vegetated open channel flow, the dispersive flux cannot
be ignored as the spatial heterogeneity is significantly strengthened by the presence of
vegetation. This indicates that the dispersive flux has great effect on the vertical SSC profile in
the vegetated open channel flow. In this study, we assume that the dispersive flux can be
expressed as following:

(u,"c") =—K UC (8)
where Kp is the dispersive coefficient, U is the longitudinal averaged velocity of cross-section

and is used to scale the magnitude of the vertical averaged velocity that is difficult to obtain.
Substituting Equations (7) and (8) into Equation (6) yields:

g(—KZ @— KDUCj—a(wC) =0 9)
oz 0z oz

The sediment advection-diffusion equation of fully developed steady flow can then be simplified
as following:

a)C+KZ‘3—C+KDUC=A (10)
zZ

where A is an integral constant. Equation (10) shows that the first term (the downward sediment
settling flux) has to balance with the second and third terms (the upward diffusion and the
dispersive fluxes). As no sediment is added into or jumps out of river at the water surface, the
integral constant A is equal to zero. The Equation (10) then becomes:

a>C+KZ(;—C+ K,UC =0 (11)
zZ

The vertical SSC profile in the steady vegetated open channel flows can then be obtained by
solving Equation (11).

In this study, the dispersive coefficient Kp that is related to the spatial heterogeneity in
the vegetated open channel flow is defined as a function of the vertical coordinate z. In order to
simplify the dispersive model, we assume that the dispersive coefficient is equal to the product of
a scale factor K; multiplying the morphological coefficient ky:

Ky=K k. (12)

where the morphological coefficient ky, is a parameter reflecting the impact of flow field and
vegetation (including the vegetation density, structure and arrangement) on dispersion; the scale
factor Ky=0.001 is used to eliminate the influence induced by the application of the longitudinal
sediment flux UC rather than the vertical sediment flux usC as well as to express the magnitude
of the dispersive coefficient. Simulation shows that it is appropriate for the conditions
investigated in this proposed model. According to the variation rules of the dispersive
coefficient, ky is equal to zero in the flow without vegetation, where the magnitude of the
dispersion term is much smaller than the diffusion and advection terms.
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The effect of dispersion is significant due to strong heterogeneity generated by the
presence of vegetation. As discussed above, extensive experimental studies have been conducted
to investigate the profile of the dispersive stress in the vegetated open channel flow. These
studies (Poggi et al., 2004a; Rightetti, 2008; Stoesser & Nikora, 2008) showed that the variation
of the dispersive stress was complicated but followed the similar law. They (Poggi et al., 2004a;
Rightetti, 2008; Stoesser & Nikora, 2008) found that the dispersive stress increased from the zero
at the channel bottom and reached the maximum value at almost the half height of vegetation
and then decreased and approached zero at the top of vegetation. As such, the morphological
coefficient can be parameterized as following:

0 z>h (a)
] 20 h
km— —?z+29 §£2<h (b) (13)
20 h
?Z Z<E (C)

where h is the height of vegetation and the parameter @ is the value of the morphological
coefficient at the half height of vegetation, where coefficient k  reaches the maximum value.

Equations (12) and (13) show that the dispersive coefficient is known when the value of @ is
determined. The maximum value of the morphological coefficient can be obtained by fitting the
available experimental data of SSC for various vegetation conditions.

3 Method

In order to investigate the effect of the dispersive flux on the vertical SSC profile in the
vegetated open channel flow, the turbulent diffusion flux and the sediment settling flux need to
be determined. Nepf et al. (2004) conducted experiments to investigate the characteristic of the
turbulent diffusion using the rigid straight rods as vegetation. The results showed that the
turbulent diffusion coefficient approximated to the linear profile within the region of vegetation
in the submerged vegetated open channel flow. The turbulent diffusion coefficient reached the
maximum value at the top of vegetation and decreased linearly toward the water surface. Several
formulas were proposed to simulate the turbulent diffusion coefficient in channels with the
submerged vegetation. However, the turbulent diffusion coefficient remains almost a constant in
the emergent vegetated open channel flow (Nepf, 1999). The settling velocity of sediments is
another important parameter and can be estimated using the formula proposed by Zhang and Xie
(1989) (see also Tan et al., 2018), which is applicable for both the laminar and the turbulent
flow:

w= \/(13.95%)2 11,0077 g4 —13.95%
where v represents the kinematic viscosity of water, g is the acceleration of gravity, y, and y,

represent the bulk density of sediment and water, respectively, d is the representative size of
sediment particles and the median size of sediments is used in this study.
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The analytical solution of the vertical SSC profile can be obtained by solving the
Equation (11) with the turbulent diffusion coefficient, the sediment settling velocity, as well as
the dispersive coefficient determined in different vegetated open channel flows. The following
sections introduce the methods for channels with the emergent and the submerged vegetation,
respectively.

3.1 Channels with the Emergent Vegetation

Previous studies showed that majority of the flow momentum is absorbed by the
vegetation elements induced drag instead of the resistance generated by channel bed in the
vegetated open channel flows (Wilson, 2007; Tanino & Nepf, 2008b). The vertical turbulent
diffusion coefficient K,(z) is homogenized due to the presence of the emergent aquatic vegetation
(Nepf, 1999, 2004) and can be expressed as the following in dense vegetation flow (a,h>0.1)

with the emergent cylindrical stems of uniform diameter:
K, = a3/C,a,DUD (15)

where D is the diameter of vegetation stem, Cp is the drag coefficient of vegetation, a, is the
frontal area density of vegetation (expressed as a,=nD, n is the number of vegetation per unit
area of channel bed) and « is a proportional factor, which is taken as 0.2 for the vertical
turbulent diffusion coefficient and as 0.8 for the lateral turbulent diffusion coefficient in the
emergent vegetated open channel flow (Nepf, 2004). In addition, « should slightly increase for
the condition of dense vegetation. The value of Cp significantly depends on the density of
vegetation and flow Reynolds number (Sonnenwald et al., 2019). In present study, according to
the balance of vegetation drag with the streamwise component of gravity, the drag coefficient is
evaluated as C,=2gs/(aU?) (where s is the slope of channel bed) for experimental conditions

of different vegetation densities (Huai et al., 2009Db).

As the dispersive coefficient is different in the regions of z>h/2 and z<h/2, the analytical
solution of Equation (11) should be solved respectively at different layers with z=h/2 as the
critical height. Integrating Equation (11) using the turbulent diffusion coefficient determined by
Equation (15) and the dispersive coefficient determined by Equations (12) and (13) yields the
profiles of the vertical SSC in the emergent vegetated open channel flow:

K,U 26K .U
c=caexp(9hsz(z2-zaz)—ngzm(z-za)j for zzg (16a)
oK, U h’, @, h h
C=C,exp| ———(2*—= )——(z—-=) | f a2 16b
2 F{ hKZ( 4) KZ( 2)] or z< (16b)

where z, and C, are the referenced height and the corresponding referenced SSC, respectively. In
this study, z, is taken as the half height of the flow depth, namely z,=H/2 (H is the flow depth)
and H=h in the emergent vegetated flow.

Experiments conducted by Lu (2008) and Ikeda et al. (1991) are used to fit the dispersive
coefficient and to validate the analytical model. The experimental parameters are summarized in
Table 1. In their experiments, SSC was measured in the emergent vegetated (rigid cylindrical

9
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rods) flow for various vegetation densities. To calculate the vertical SSC profile, the turbulent
diffusion coefficient K, is calculated by using Equation (15) for experiments of Lu (2008). For

comparing with the experiment of lkeda et al. (1991) whose experimental vegetation density is
beyond the applicable scope of Equation (15), K, is, therefore, obtained as K, =0.09u.h

(where wu, is the friction velocity of flow), as suggested by lkeda et al. (1991).

Table 1. Experimental parameters of Lu (2008) and lkeda et al. (1991) in the emergent
vegetated open channel flows.

Run  h(H) D S U Us d ay Co
Sources number (m) (m) (109 (mis)  (mis) (mm) (m?) /

D12-1  0.12 0.006 13.6 0.3343 0.1265 0.217 24 0.99
D12-2  0.12 0.006 13.6 0.2918 0.1265 0.217 3.0 1.04
D12-3  0.12 0.006 13.6 0.1690 0.1265 0.217 6.0 1.56
D15-1  0.15 0.006 13.6 0.3321 0.1414 0.217 24 1.01
Lu D15-2  0.15 0.006 13.6 0.2932 0.1414 0.217 3.0 1.03
D15-3  0.15 0.006 13.6 0.1700 0.1414 0.217 6.0 1.54
D18-1  0.18 0.006 13.6 0.3436 0.1549 0.217 24 0.94
D18-2  0.18 0.006 13.6 0.2947 0.1549 0.217 3.0 1.02
D18-3  0.18 0.006 13.6 0.1692 0.1549 0.217 6.0 1.55
Ikeda Run 9 0.05 0.005 6.67 0.2858 0.0572 0.145 1.0 1.60

3.2 Channels with the Submerged Vegetation

Flow structure, the turbulent diffusion and the dispersion in the submerged vegetated
flow are much complicated than that in the emergent vegetated flow (Huai et al., 2009b; Nepf,
2012). As the expression of the dispersive and diffusion coefficients changes with water depth,
Equation (11) needs to be solved at three layers to obtain the solution of SSC.

Table 2. Flow and sediment characteristics of experiments of Lu (2008) and Yuuki and Okabe
(2002) in the submerged vegetated flow (k is the von Karman’s constant).

Run H h D d S u, U k ay
number (cm) (cm) (cm) (mm) (107%) (cmss) (cmis) /0 (m)

C12 12 6.0 0.6 0217 465 476 278 025 3

Lu C15 15 60 0.6 0217 350 477 2934 0.27 3

C18 18 60 0.6 0217 269 520 3212 0.28 3
Yuuki and Y1 6 35 02 0100 100 213 2270 0.20 2.08
Okabe Y2 6 35 02 0100 150 260 2810 0.20 2.08
Y3 6 35 02 0100 200 3.01 3190 0.20 2.08

Sources

Lu (2008) and Yuuki and Okabe (2002) conducted experiments to study the interaction of
the suspended sediment load and vegetation in the submerged vegetated flow. These experiments
are used for comparing and validating the present analytical model. Table 2 lists the parameters

10



326
327
328

329
330
331
332
333

334

335
336
337

338

339
340
341
342
343
344

345
346

347

348
349
350
351

352

353
354

355

356
357

358
359

Confidential manuscript submitted to Water Resources Research

and measurements of these two experiments. As the construction of experimental vegetation in
these two experiments differs greatly from each other, the equations of the turbulent diffusion
coefficient are also different, as demonstrated below.

Figure 2 is the sketch of the vertical turbulent diffusion coefficient and the morphological
coefficient of the experiments of Lu (2008), in which the vegetation was modeled by rigid
straight rods. Based on the study of Nepf (2012), the maximum value of the turbulent diffusion
coefficient appears at the top of vegetation for flow with dense vegetation (a,nh>0.1) and can be
expressed as:

K, (z = h) = 0.032Auh (17)

where Au represents the velocity difference between the wake region of vegetation and
overflow, which is approximately equal to 0.8u,, —u,, (where uy is the flow velocity at the water
surface and can be expressed as the logarithmical profile (Huai et al.,, 2019) and

uW:«/ZQS/(CDaV) is the averaged velocity in the wake region of vegetation and can be obtained

according to the balance of gravity and drag (Huai et al., 2009b)). The diffusion coefficient is
usually zero at the channel bed. In addition, in order to avoid the obvious mistake that the SSC is
zero at the water surface caused by the approximation of K,(z=H)=0, e.g. the solution of the
classical Rouse equation (Rouse, 1937), the turbulent diffusion coefficient at the water surface of
flow cannot be zero. The study of Elder (1959) showed that the depth-averaging turbulent
diffusion coefficient is equal to ku,H/6. In this study, the von Karman’s constant (see Table 2) is
smaller than 0.4, which is the value in clear water flow. For three conditions of Lu (2008), the
mean value of the von Karman’s constant k approximates to 0.26. Therefore, the expression of K,
is approximated as K,(z=H)~0.04u.H at the water surface. The results show that the SSC
modeled by this expression is consistent with the experimental observations near the water
surface. After obtaining the values of K; at three locations, namely the water surface, the top of
vegetation and the channel bed, assuming a linear transition within the region of vegetation and
overflow yields the expression of the vertical turbulent diffusion coefficient:

K :{k22+b2 z>h

18
* |kz+b z<h (18)

where the parameters ki, kp, b; and b, differ in different experimental conditions. For
experiments of Lu (2008), the parameters are calculated as k, =0.032Au , b =0,

k, =(0.04u.H —0.032Auh)/(H —h) and b, =0.032Auh—k,h. The dispersive coefficient in the

vegetation region is simulated by using Equation (13) and is ignored in the overflow where the
dispersive term is much smaller than the turbulent diffusion term.
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z 4 0.04u01
Flow B

overflow

vegetation region

km

0.032Auh

Figure 2. Sketch of the submerged vegetation and the profile of K; and k,, in the experiment of
Lu (2008).

Yuuki and Okabe (2002) carried out experiments in which the vegetation was composed
of stagger-arrangement three-layer cylinders with averaged diameter D=2mm, as shown in
Figure 3. The five branches significantly affect the value of the turbulent diffusion and the
dispersive coefficient. Therefore, Equation (17) is not applicable for this experimental condition
as it was established based on the experiments with the vegetation of straight rigid rods.
However, the turbulent diffusion coefficient can still be divided into two layers according to the
height of vegetation and is assumed to be linear profile in each layer (see Figure 3). According to
the study of Yang and Choi (2010), the diffusion coefficient at the top of vegetation is

K,(z=h)=ku.h, and K,(z=0)=0.1ku.h is used at the bottom of channel where the turbulent

diffusion coefficient is not zero according to the experimental observation in Yuuki and Okabe

(2002). The four parameters are then calculated as k, =%, b, :—%, k, =0.8ku. and
b, =0.1ku.h, respectively. The referenced level z,=H/2 is also used for open channel flows with

the submerged vegetation.

2.5cm flow

1.25cm
T ke

1.25cm

71.Ocm

(a) Front view (b) Side view
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Figure 3. The sketch of the vegetation structure, K; and kg in the experiment of Yuuki and
Okabe (2002). (a) The front view of the vegetation; (b) The side view of the vegetation, profile
of the turbulent diffusion coefficient and the morphological coefficient.

The analytical solution of Equation (11) associated with various K,(z) and kg, can then be
obtained in three layers with some differences for these two experiments of different conditions,
as described below.

For experiments of Lu (2008), the referenced height is in the overflow region, i.e.z, >h.

In the overflow region (z >h), the effect of the vegetation induced dispersion is assumed to be
small and can be ignored. Substituting Equations (18) and (13a) into (11), solving the ordinary
differential equation obtains the SSC in the overflow region in the uniform submerged vegetated
flow:

K2

c)=C(z )(kkzz L j (19)

In the upper vegetation region, i.e. h/2 <z <h, the analytical solution of Equation (11)
with consideration of the dispersion term is:
Aﬁl 1" lbl

C(z)=C(h)exp( (z-— h)j(:z:]*gll] (20)

where r, =20K .U /h, 4 =-26K,U —® and C(h) denotes the SSC at the top of vegetation and
can be calculated by Equation (19) as following:

hb, Y
C(hy=C, | +—=*% 21
() a(kzzaerzj 1)
The analytical solution of SSC in the lower vegetation region (i.e. z<h/2) is:
Aok 1oy
%

c@=ceqp| 2@ | Xih 2)

2 k, 2

k —
o+,

where r, =—20K .U /h, 4, =—w and C(h/2) represents the SSC at the half height of vegetation

and can be calculated by Equation (20).
In the experiments of Yuuki and Okabe (2002), the referenced height is within the
vegetation region, i.e. h/2<z,=H/2<h. Therefore, the analytical solution of the profile of SSC

differs from above. In the upper vegetation region, i.e. h/2<z <h, the analytical solution of
Equation (11) with consideration of the dispersion term is:
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211 'ibi

3 B k,z+b,
c<z>—<:(za)exp(kl<z z )j[kz mj (23)

In the overflow region (z > h), the effect of vegetation induced dispersion is assumed to
be small and can be ignored. Substituting Equations (18) and (13a) into (11) and solving the (11)
yields SSC:

C(2)= C(h)['; f]”; j (24)

where C(h) can be calculated by the Equation (23).
The analytical solution of SSC in the lower vegetation region (i.e. z<h/2) is:
Aok~
k2
k,z+Db,
h

k,—+

Lo th

where C(h/2) represents the SSC at the half height of vegetation and can be calculated by
Equation (23).

c(2) =c<2)exp[|i—2(z—2)J (25)

4 Results

4.1 Emergent Vegetation

Figures 4 and 5 show the comparison of the predicted and measured vertical profiles of
SSC for experiments of Ikeda et al. (1991) and Lu (2008), respectively. It is seen that the
analytical solution ignoring the dispersive term, i.e. =0 (blue dashed lines in Figures 4 and 5),
greatly under-predicts SSC above the half height of flow depth and significantly over-predicts
SSC within half height of flow depth. This indicates that the effect of the dispersive flux on the
vertical SSC distribution in the vegetated open channel flows is significant and cannot be ignored
in calculating the vertical SSC profile. It is seen from Figures 4 and 5 that the dispersive
coefficient is usually negative, which means that the direction of the dispersive flux is opposite
to the settling flux. According to the mass conservation, the total upward flux, i.e. the sum of the
diffusion flux and the dispersive flux, has to balance with the settling flux. Therefore, the
opposite dispersive flux weakens the effect of the settling flux on the total vertical SSC profile.
In addition, the SSC decreases in the region near the river bed and increases in the region near
the water surface with the increase of the absolute value of the dispersive coefficient. However,
when the absolute value of the dispersive coefficient is very large, the deviation between the
predicted and measured SSC becomes larger again, while the sediment concentration changes
from over-predicted to under-predicted within the half height of the flow depth.

In Figure 5, values of H and a, for different experiments are showed in the figure for
convenience of comparison. Results with the same vegetation density but different flow depths
(i.e. Figures 5(a), (d) and (g); Figures 5(b), (e) and (h); and Figures 5(c), (f) and (i)) show that the
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relationship between the dispersive coefficient and flow depth is not very clear. However, the
comparison of the same flow depth but different vegetation densities, i.e. Figures 5(a-c), (d-f)
and (g-i), shows that the vegetation density has significant impact on the dispersive coefficient.
Specifically, the maximum absolute values of the averaged fitting morphological coefficient are -
10, -3.7, -3.5 and -4, corresponding respectively to the vegetation density of 1, 2.4, 3and 6m™. In
general, Figure 5 demonstrates that the absolute value of the morphological coefficient decreases
with the increase of the vegetation density with the exception of the case a, =6m™. This
exception case may be ascribed to the following fact: in the experiment of Lu (2008), the
arrangement of the vegetation was regular and in the cases of D12/D15/D18-3, i.e. a, =6m™; the
transverse and longitudinal interval between the vegetation centers was respectively 2cm and
5cm. For this exception case, i.e. a, =6m™, the ratio of the transverse interval over the
longitudinal interval was 0.4, while this ratio was approximate to one in the cases of a, =1, 2.4
and 3m™. However, the conclusions of the dispersive rules and empirical coefficient a of
Equation (15) are obtained from the experiments of stagger arrangement where the ratio of the
transverse interval over the longitudinal interval is approximate to one. From this aspect, the
unusual result for condition a, =6m™ may be caused by the arrangement of vegetation, which
requires further experimental study for confirmation.

10—
RN o  measurements
A - 0=0
0.8 W\ 5
' -10
——6=-15
R . N 0=-20
L
0.4+r
0.2
00 05 1.0 15 20 25 30 35

cic,

Figure 4. Comparison of the vertical SSC profiles of the predicted (lines for different
morphological conditions) by Equations (16a, b) and measured (open circles, Ikeda et al., 1991).
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Figure 5. Comparison of the vertical SSC profiles of the predicted (lines for different
morphological conditions) by Equations (16a, b) and experimentally measured (open circles, Lu,
2008) for different vegetation heights and densities. As shown in figure: (a) D12-1; (b) D12-2;
(c) D12-3; (d) D15-1; (e) D15-2; (f) D15-3; (g) D18-1; (h) D18-2; (i) D18-3.
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4.2 Submerged Vegetation

Figure 6 shows the comparison of the predicted and measured vertical SSC profiles in the
submerged vegetated open channel flows. In the experiments of Lu (2008), the ratio of the flow
depth over the vegetation height varies while the vegetation density is fixed (see Table 2 for
details of the flow conditions). Figures 6(a)(b)(c) show that the deviation of the predicted SSC
from the measured SSC decreases with the increase of the vegetation submergence for the
condition without the dispersive term (i.e. blue dashed lines). This indicates that the effect of the
vegetation on the vertical SSC profile is weakened with the increase of the vegetation
submergence (i.e. H/h increases). This may be because the relative importance of the vegetation
drag over the bed friction drag decreases for high vegetation submergence (Raupach et al., 1996;
Nepf & Vivoni, 2000; Nepf, 2012). Figures 6(a)(b)(c) show that #=-3 (i.e. green solid lines)
better represents the vegetation induced dispersive coefficient, indicating that the dispersive
coefficient has little relationship with the vegetation submergence for the flow conditions of Lu
(2008).

The values of the dispersive coefficient for the experiments of Yuuki and Okabe (2002)
are slightly larger than the values in the experiments of Lu (2008). This may be ascribed to the
fact that the vegetation structure in the experiments of Yuuki and Okabe (2002) favors the
dispersion. It is seen from Figure 6(d) that the vertical SSC profile can be reasonably predicted
with the dispersive coefficient 6=-3, while Figures 6(e)(f) show that some deviations exist
between the predicted and the measured SSC. This may be due to the complicated vegetation
structure in their experiments, indicating that the analytical model proposed in this study has
some defects and cannot provide accurate prediction of the SSC in such complicated vegetation
structure. Nevertheless, the predicted SSC for the experiments of Yuuki and Okabe (2002) is
much better than the previous similar study (see Figure 10 in Yang and Choi (2010)), which did
not consider the effect of the dispersive term.

Analysis of the results shows that the analytical solution agrees well with experimental
measurements in the region of overflow. For regular arrangement of straight cylinders (i.e. the
experiments of Lu (2008)), a,=3m™, the vertical SSC profile within the vegetation region can be
accurately predicted using the analytical approach proposed in this study with an appropriate
dispersive coefficient. For the staggered vegetation with complicated structure (i.e. the
experiments of Yuuki and Okabe (2002)), a,=2.08m™, some deviation between the analytical
prediction and the measurement exists within the vegetation region. The variation of the vertical
SSC profile with the dispersive coefficient found in the emergent vegetated flow also appears in
the submerged vegetated flow, i.e. the SSC decreases with the increase of the absolute value of
the dispersive coefficient in the vegetated region.
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Figure 6. The comparison between analytically predicted (lines) and experimentally measured
(Lu (2008) and Yuuki and Okabe (2002): open circles) vertical SSC profile in the submerged
vegetated flow.

4.3 Analysis

Result of Figures 4, 5 and 6 shows that the analytical solutions either over-predict or
under-predict the SSC at different regions of the vegetated open channel sediment-laden flow. In
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order to represent the deviation of the predicted SSC from the observed SSC for different values
of 0, the averaged error (AE) is defined as following:

Z (C pre Cobs)
N

where N is the sampling number of the observed SSC in the vertical direction at a monitoring
position in the experiments, Cops is the observed SSC and Cyy. represents the predicted SSC by
the proposed model.

AE = (26)

In order to determine the best-fitted value of 4, another common statistical parameter, i.e.
the mean relative error (MRE), is also used to evaluate the error of the proposed model:

C,.—-C
Z‘ pre obs
MRE = Cos
N

(27)

Figure 7 shows the relationship between the AE and ¢ for both the emergent and the
submerged vegetated open channel flow, which clearly demonstrates whether the model over-
predicts or under-predicts SSC. It is seen from Figure 7 that the SSC is usually over-predicted by
the proposed model (the positive value of AE) for the =0. With the increase of the absolute
value of 0, the SSC simulated by the proposed model varies from the over-predicted to the
under-predicted (the negative value of AE) for both the submerged and the emergent vegetated
open channel flow. The scope of @ corresponding to AE=0 in the emergent vegetated open
channel flow is much more centralized than that in the channel with the submerged vegetation.
The specific best-fitted value of & can be determined by the variation of MRE calculated by
Equation (27).

a b
04 D12-1 @ 0.100 c12 =
1 e D122 I
03 1 4+ p123 ¢ 0.075 p gig !
H v D151 N A Japanl
0.2 H D15-2 $--$ 0.050 | v Japan2 :
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< oly, ol L < 0025 | s
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01F -0.025 | I
-0.2 L 1 L 1 1 1 1 | L -0.050 I ! 1 ! | ! | ! |

Figure 7. The variation of the vertical averaged error between the predicted and observed SSC
with 6. (a) the emergent vegetated open channel flow; (b) the submerged vegetated open channel
flow.
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Figure 8 is the variation of MRE with & for open channel flow with both the emergent
(Figure 8(a)) and the submerged (Figure 8(b)) vegetation, respectively. Figure 8 shows that MRE
decreases firstly and then increases with the increase of §. The value of # corresponding to the
smallest MRE is known as the best-fitted value for that condition, which is listed in the last
column of Table 3. Small MRE indicates that the model proposed in this study can accurately
simulate the vertical profile of SSC in the vegetated open channel flow. The suggested value of
0 is from -5 to -3 for the channels with the range of vegetation density a, being from 2 to 6m™.
More specifically, the best-fitted value of & approximates to -4 with the range of the vegetation
density being from 2 to 6m™ in the open channel flow with the emergent vegetation. More
experiments and studies are required to explore the rules of the dispersive coefficient in the open
channel flow with the vegetation density outside the scope of 2m™<a,<6m™.
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Figure 8. The variation of the MRE with 6. (a) the emergent vegetated open channel flow; (b)
the submerged vegetated open channel flow.

Table 3. The parameters and the best-fitted value of 8 for open channel flow with the emergent
and the submerged vegetation.

Conditions  Run number Re; am’) 0
D12-1 1994 2.4 -3
D12-2 1740 3 -3
D12-3 1008 6 -4
D15-1 1981 2.4 -4
Emergent D15-2 1749 3 -3.5
vegetation  D15-3 1014 6 -4
D18-1 2049 2.4 -4
D18-2 1758 3 -4
D18-3 1009 6 -4
Run 9 1420 1 -10
C12 991 3 -3
C15 859 3 -3
Submerged C18 753 3 -3
vegetation Y1 153 2.08 -3
Y2 187 2.08 -4
Y3 217 2.08 -5
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Above discussion shows that the magnitude of the dispersive coefficient is mainly
influenced by the flow field (mainly velocity) and the vegetation characteristics (density,
u,D

|4

.The complicated vegetation structure enhances the dispersive strength through influencing the
flow turbulence and the spatial heterogeneity, which can be proved by comparing the values of
between the experiments of Yuuki and Okabe (2002) and the experiments of Lu (2008). Table 3
lists the stem Reynolds number, the vegetation density and the best-fitted . The vegetation
density for the experiments of Yuuki and Okabe (2002) (i.e. conditions Y1, Y2 and Y3) is all
2.08, while the stem Reynolds number increases gradually. Therefore, the results of Y1, Y2 and
Y3 indicate that the dispersion increases with the increase of Res, which may be caused by the
strong turbulence induced by the large stem Reynolds number and corresponding intensive
spatial heterogeneity. The value of ¢ for the experiments C12, C15 and C18 is all -3, while the
stem Reynolds number varies slightly. This phenomenon may be ascribed to the fact that the
vegetation structure of C12, C15 and C18 is regular and variation of the stem Reynolds number
is small.

structure). The flow field can be represented by using the stem Reynolds number, i.e.Re, =

For both the emergent and the submerged vegetated open channel flow investigated in
this study, Figure 9 shows that the averaged absolute value of 8 decreases with the increase of
the vegetation density, where @ is obtained by averaging the value of @ for the conditions of the
same vegetation density. The results show that the gradient of the morphological coefficient with
the vegetation density is large for the condition a,<2.08m™, while the gradient is small for dense
vegetation conditions investigated in this study. Within the vegetation region, the stem wakes
become a localized source of turbulence such that the turbulent flow field is much more
heterogeneous than that in the region without vegetation (Nepf et al., 1997). Thus, the dispersive
coefficient is significantly increased by the presence of vegetation for small vegetation density.
The interval between the vegetation stem’s centers decreases gradually with the increase of the
vegetation density, leading to the decrease of characteristic area of spatial averaging. Therefore,
the vegetation-induced vortices may overlap in the characteristic area, which weakens the local
inhomogeneity, and thus the dispersive coefficient decreases. Figure 9 also shows that the
dispersive coefficient increases again when the vegetation density increases to a,=6m™. This
could be caused by the arrangement of vegetation for the case of a,=6m™. More experiments are
needed for better understanding and interpretation of the phenomenon.
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Figure 9. The variation of the absolute value of the maximum morphological (dispersive)
coefficients with the vegetation density.

5 Discussion

The simulation of SSC in the vegetated open channel sediment-laden flow is very
complicated. It requires well-defined flow field including flow velocity and turbulence strength,
as well as the sediment particle characteristics. The empirical equations of the vertical turbulent
diffusion coefficient used for conditions of Lu (2008) are obtained from the previous flume
experiments (Nepf, 1999, 2004, 2012), which are interpreted as that the same straight rigid rods
are used as the experimental vegetation and the vegetation density is within the scope of these
formulas. For other conditions used in this study, experimental conditions are outside the scope
of these formulas. As such, the turbulent diffusion coefficient has to be determined by the
corresponding experimental observations or previous studies (Yang & Choi, 2010). The model
proposed in this study is based on the correct determination of the turbulent diffusion coefficient
model. Therefore, it is still a challenge task to extend the present model to open channel flow
with the natural live (flexible) vegetation. Nevertheless, the proposed model is a simple and
effective tool for simulating the vertical profile of SSC in the open channel flow with
vegetations.

The double-averaging method, in which the classical time-averaging advection-
diffusion equations are averaged over spatial area in the plane parallel to the bottom of channel,
is used to simulate the vertical SSC profile in the vegetated open channel flow. The application
of the double-averaging method for flow field analysis reduces the discordance resulted from the
spatial heterogeneity within the vegetation region. In order to solve the double-averaging
advection-diffusion equations, the diffusive flux is expressed by the Fickian diffusion model,
while the dispersive flux is the product of the dispersive coefficient Kp and the mass flux CU.
According to the previous experiments and the results of this study, the proposed dispersive
model generalizes the influences of the dispersion as the function of coordinate z. As such, the
size of the spatial averaging is not emphasized in this study. The suggestion about the size of the
spatial averaging is that it must represent the spatial heterogeneity to reduce the error induced by
the variation of the spatial averaging size. For example, it is correct to use the whole domain
parallel to the bed as the size of the spatial averaging for open channel flow with irregular
staggered vegetation or rough bed (Nikora et al., 2007b). For open channel flow with regular
staggered vegetation, the region of the adjacent four vegetations is suggested as the size of the
spatial averaging (Yuuki & Okabe, 2002; Poggi et al., 2004b).

There is little knowledge about the dispersive coefficient model, while most previous
investigations focused on the dispersive stress obtained from the experimental measurements.
Experiments with natural vegetation (salix pentandra) showed that the distribution of the
dispersive stress is very complicated (Righetti, 2008) in which the magnitude of the dispersive
stress at the top of vegetation and river bed is smaller than that at the half height of vegetation.
Poggi and Katul (2008b) and Coceal et al. (2008) carried out experiments using rigid straight
vegetation. Their results showed that the maximum value of the dispersive stress occurred at
almost the half height of vegetation and decreased toward both up and down vertical directions.
The results also showed that the magnitude of the dispersive stress greatly depended on the
vegetation density. Based on these laboratory experimental studies, the authors assume that the
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variation of the dispersive flux, i.e. (u,"c")=-K,UC, in the vegetated open channel flow is

similar to that of the dispersive stress. For simplification, the authors further assume that the
dispersive coefficient K is a triangle profile in the vegetation region as expressed in Equations

(12) and (13). The comparison of the SSC profile simulated by proposed model with the
experimental measurements confirms the strong relation between dispersive coefficient and the
vertical SSC profile in the vegetated open channel flows.

Results show that the dispersive term (usually appearing as negative value) plays an
important role in determining the vertical SSC profile in the vegetated suspended sediment-laden
flow. For the emergent vegetated flow, the model calculated SSC from the half height of the
vegetation to the channel bottom varies from over-prediction to under-prediction with the
increase of the absolute value of the dispersive coefficient, while the predicted SSC above the
half height of vegetation has opposite variation trend (see Figures 4 and 5). For the submerged
vegetated flow, the variation of SSC within the vegetation region is similar to that under the half
height of vegetation of the emergent vegetated flow (see Figure 6). This means that the
appropriate dispersive coefficient can be obtained by fitting the experimental data. Because all
the dispersive coefficients are modeled as triangle profile, the maximum value of the
morphologic coefficient (i.e. 8) is used to represent the magnitude of the dispersive coefficient.
The relationship between the best-fitted value of € and the vegetation density, the vegetation
structure and the stem Reynolds number depends on the experimental conditions. This means
that the best-fitted values of & proposed in this paper can only represent the conditions
investigated in this study. However, the rules between 0 and a,, Res and the vegetation structure
conform to the physical mechanism and are strongly supported by previous relevant
experimental studies.

6 Conclusions

In this paper, the model of the dispersive coefficient is proposed based on the concept of
the dispersion to investigate the vertical SSC profile in the vegetated suspended sediment-laden
flow. The double-averaging method is applied to simulate the vertical SSC profile in the
vegetated open channel flow with time-spatial averaging advection-diffusion equations. The
proposed model is validated by comparing the analytical solution of the vertical SSC profile with
the existing experimental measurements. Results show that the proposed model of the dispersive
coefficient is reliable and can be used to estimate the vertical SSC profile in the complicated
vegetated, sediment-laden open channel flow. The following conclusions can be drawn from this
study.

(1) A model for estimating the dispersive coefficient is proposed in this study based on
the concept of the dispersion. For both the emergent and the submerged vegetated open channel
flow investigated in this study, the dispersive coefficient decreases with the increase of the
vertical axis z from the half height of the vegetation and increases with the increase of z from the
channel bottom to the half height of vegetation. The dispersive coefficient reaches zero at both
the top of the vegetation and the channel bottom.

(2) The effect of the dispersion on the vertical SSC profile within the vegetation region is
significant and cannot be ignored. The inclusion of the dispersive term can greatly improve the
prediction of the vertical SSC profile in the vegetated region and the region close to the channel
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bottom. The dispersive term can be extended to the roughness bed or rivers with sand ripples,
where the spatial heterogeneity of flow structure is also strong owing to the complicated uneven
channel morphology.

(3) The double-averaging method is applied to simulate the vertical SSC profile in the
vegetated open channel flow for improving the prediction of SSC. This is particularly important
in the region of vegetation, where the spatial heterogeneity of the turbulent flow is strong owing
to the presence of vegetation.

(4) The fitted morphological coefficient is mainly related to the vegetation density, the
flow field and the vegetation structure in this study. For the conditions investigated in this study,
the absolute values of the morphological and the dispersive coefficients decrease sharply with
the increase of vegetation density, then increase slightly with the increase of vegetation density.

(5) The suggested range of @ is -5 to -3 with the mean related error smaller than 10%
when the vegetation density a, is within the range from 2 to 6m™. Owing to the limited available
experimental data, it is not clear what is the variation trend of the dispersive coefficient for
sparse vegetation density (i.e. a,<1m™) and very dense vegetation density (i.e. a,>6m™). Further
experiments with a wide range of the vegetation density are required to accurately propose the
dispersive model.
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Nomenclature

A integral constant
av the frontal area density of vegetation
by, b, parameters of expression of turbulent diffusion coefficient profile at region

z<h and z=h respectively in submerged vegetated open channel flows

C time-spatial averaging suspended sediment concentration
Ca referenced suspended sediment concentration at referenced height
Cp drag coefficient of vegetation
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Core predicted suspended sediment concentration by this model

Cobs observed suspended sediment concentration in experiments

c instantaneous suspended sediment concentration

D diameter of vegetation

d representative size of sediment particles

f, o two different variables

g acceleration of gravity

H flow depth

h height of vegetation

Kb dispersive coefficient

Kt a scale factor and Ky=0.001 in present study

Km molecular diffusion coefficient

K, vertical turbulent diffusion coefficient

k von Karman’s constant

ki, k2 gradients of expression of turbulent diffusion coefficient profile at region
z<h and z=h respectively in submerged vegetated open channel flows

Km morphological coefficient

N sampled number of the observed SSC in the vertical direction at a monitor point in
the experiments

n number of vegetation per unit area

ry, A1 two parameters

Res stem Reynolds number

Iz, A2 two parameters

S source or sink of sediment in advection-diffusion equation

S slope of channel bed

t time

U averaged longitudinal flow velocity of cross-section

u instantaneous longitudinal flow velocity

u, friction velocity

Uw averaged velocity in the wake region of vegetation

UH flow velocity at the water surface

Uj instantaneous flow velocity component in jth direction
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Ui, Uz, U3 instantaneous flow velocity of longitudinal, transverse and vertical,
respectively

Xj the jth direction, x;=x, Xo=y and x3=z are directions of longitudinal,
transverse and vertical, respectively

4 vertical coordinate

Za referenced height

a a proportional factor

Vi the bulk density of water

Vs the bulk density of sediment

o a constant

v the kinematic viscosity of water

settling velocity of sediment particles
0 values of morphological coefficient at the half height of vegetation
Au velocity difference between the region of vegetation wake and overflow
' the deviation of instantaneous variables from time averaging variables
" the deviations of time averaged variables from spatial averaged variables
- time average

<> spatial average
<> time-spatial average
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