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Sediment transport modeling for flows with cylinders is very challenging owing

to the complicated flow–cylinder–sediment interactions, especially under the

combined wave-current flows. In this paper, an improved formulation for

incipient sediment suspension considering the effect of cylinder density (i.e.,

solid volume fraction) is employed to simulate the bottom sediment flux in the

flow with cylinders. The proposed model is calibrated and validated using

laboratory measurements under unidirectional and combined wave-current

flows in previous studies. It is proved that the effects of cylinders on sediment

suspension can be accounted for through a modified critical Shields number,

and the proposed model is capable of simulating sediment suspension under

both unidirectional and combined wave–current flows reasonably well with the

average the coefficients of determination and model skills greater than 0.8

and 0.64.

KEYWORDS

sediment suspension, modified critical Shields number, cylinder, unidirectional flows,
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1 Introduction
In estuarine and coastal areas, various types of flows involving

cylinders exist. These cylinders, such as aquatic vegetation in wetlands

(mangrove, reed, and seaweed/kelp), masts in aquafarm for laver or

oysters, and piles foundations of offshore windfarms, can significantly

affect flow structure (Nepf and Vivoni, 2000; Nepf, 2012; Lou et al.,

2018), wave propagation (Moller et al., 1999; Mendez and Losada,

2004; Augustin et al., 2009), and turbulence development (Nepf, 1999;

Ghisalberti and Nepf, 2002; Neumeier, 2007). The cylinders reduce

mean flow and convert mean kinetic energy to turbulent kinetic

energy (TKE), which have great influence on sediment suspension

and transport (Balke et al., 2012; Ros et al., 2014). Furthermore, waves

and currents usually coexist in coastal zones. Wave-current

interactions play an important role in coastal ocean dynamics and

nearshore sediment transport (Van Hoften and Karaki, 1976). With

the presence of cylinders, sediment suspension under the combined

wave-current flow become more complicated, which makes it more

difficult to simulate sediment transport in flow with cylinders.

Field observations indicated that the presence of cylinders

reduced resuspension and promoted particle retention, for example,

studies in Lake Hiidenvesi (Horppila and Nurminen, 2003) and Lake

Taihu (Zhu et al., 2015). On the other hand, laboratory studies

provided contrary results and showed that sediment resuspension

was enhanced in the flows with cylinders comparing to bare bed

condition (Tinoco and Coco, 2016; Tinoco and Coco, 2018; Lou et al.,

2022). These contrasting findings reflected the influence of cylinders

on the flow at two scales: array- and stem- scales (Zhang and Nepf,

2019). In the field, the expanse of cylinders (e.g. the length of region

covered by vegetation in wetlands in the order of hundred meters) can

lead to the damping of flow and sediment resuspension in the array-

scale. In the laboratory, the cylinders enhance sediment resuspension

due to stem-generated turbulence. It is found out that cylinder density

significantly affects the incipient motion of the sediment (Tinoco and

Coco, 2016; Tinoco and Coco, 2018; Tang et al., 2019; Yang and Nepf,

2019). Although the flow velocity is significantly damped with dense

cylinders, the amount of sediment lifted into suspension increases

owing to the increasing turbulent kinetic energy under unidirectional

currents (Tinoco and Coco, 2016; Yang and Nepf, 2019) and

oscillatory flows (Ros et al., 2014; Tang et al., 2019). The incipient

velocity of sediment motion decreases within cylinder canopy (Tang

et al., 2013; Yang et al., 2016; Tinoco and Coco, 2018).

Although field investigations and experimental studies provide a

certain basis for the establishment of numerical models, sediment

transport modeling for flows with cylinders is more challenging

owing to complicated flow–cylinder–sediment interactions.

Sediment suspension determined by the bottom sediment flux was

related to the turbulent flow structure altered by cylinders. Lopez and

Garcia (1998) established a two-equation turbulence model to

determine the mean flow and turbulence structure of open channels

through cylinders and used this model to estimate sediment transport

processes, assuming that the average sediment deposition near the

bed and the entrainment rate were in equilibrium. A three-

dimensional turbulence model was proposed by Liu and Shen

(2008) by introducing cylinder density and drag force into the

control equations of flow in the presence of cylinders, and an
Frontiers in Marine Science 02
empirical relation proposed by Van Rijn (1984) was employed to

solve the sediment transport equations in flow affected by the

cylinders. With an enhanced Manning’s roughness coefficient and

cylinder-induced drag force representing the effect of the cylinders on

flow, sediment flux was computed with the formula of Van Rijn

(1993), disregarding the effect of the cylinders on sediment

suspension (Hu et al., 2018). The equilibrium sediment transport

rates by Wu’s formula (Wu and Wang, 2007) were used for bed load,

and the suspended sediment flux was modeled by bed shear stress

estimated from mean flow velocity with the cylinder effects

implemented by additional terms of the cylinder drag and water

volume reduction caused by the cylinders (He et al., 2017). A similar

method was used in a sediment transport model established by Ma

et al. (2013), in which the sediment flux was computed by bed shear

stress estimated from mean flow velocity with cylinder effects

implemented by additional terms of the cylinder drag. However, in

flow with cylinders, the generation of turbulence in the wakes of

cylinders exceeds that associated with bed shear, such that the

previously used bare bed sediment transport models based on bed

shear stress need to be improved to better describe sediment

suspension affected by cylinders.

In our previous work (Lou et al., 2021), a vegetated flow and

sediment transport model was developed for investigating flow–

cylinder(vegetation)–sediment interactions. In the model, the

vegetation-induced turbulence was simulated by an improved k-ϵ

turbulence closure, in which shear and stem-scale wake turbulent

kinetic energies were solved separately due to the different length

scales of turbulence in vegetated flow. It simulated both unidirectional

and oscillatory flows as well as turbulence structures reasonably well.

However, one of the disadvantages of the model was that it included

more coefficients for calibration compared to traditional k-ϵ

turbulence closure, which introduced uncertainties to model results

and restrained its applications.

In this paper, we propose a modified critical Shields number to

account for the effects of cylinders on bottom sediment suspension,

which will be implemented into the Non-Hydrostatic WAVE

(NHWAVE) model (Ma et al., 2012). Purpose of the proposed

model is to simplify the numerical simulation of sediment transport

in flow with cylinders. With fewer parameters, the sediment initiation

can be identified and simulated, which aims to simplify the numerical

simulation of sediment transport in flow with cylinders, especially for

the combined wave-current flow. In the proposed model, the

modified critical Shields number affected by cylinders is determined

by the cylinder features (solid volume fraction of cylinders f and the

cylinder induced-drag coefficient) and the bottom drag coefficient,

and the traditional k-ϵ turbulence closure with a cylinder-induced

turbulence production term including both shear and stem-scale

turbulence is adopted. The model will be validated by using the

experimental measurements collected in a wave-current flume at

Tongji University in our previous study (Chen et al., 2020; Lou

et al., 2022) and a dataset presented by Lu (2008). The performance of

the model will be evaluated by computing the model skill (MS), the

determination coefficient (R2) and the Root Mean Square Error

(RMSE). Effects of cylinder densities on sediment suspension will

be analyzed and the interactions between flow–cylinder–sediment will

be examined. The main purpose of this paper is to study sediment

suspension mechanisms affected by cylinders under both
frontiersin.org
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unidirectional and the combined wave-current flows, and to estimate

the accuracy of mathematical descriptions of the bottom sediment

flux considering the effects of cylinders on sediment suspension

threshold condition.
2 Model formulations

The hydrodynamic and sediment transport model in this study is

based on the Non-Hydrostatic WAVE (NHWAVE) model, which

was originally developed by Ma et al. (2012). It has been well validated

and widely applied to study coastal wave processes, including wave/

flow–cylinder–sediment interactions (Ma et al., 2013; Ma et al., 2015;

Wu et al., 2016).
2.1 NHWAVE model

The vegetation module in NHWAVE is based on the Volume-

averaged and Reynolds-averaged Navier-Stokes equations. The effects

of the cylinders on the mean flow were modeled by drag forces in the

momentum equations. This treatment has been proven successful in

simulating turbulent structures in vegetated flows by other modeling

efforts (Sheng et al., 2012; Wu et al., 2016). The governing equations,

numerical schemes, and boundary conditions were introduced in Ma

et al., 2013; Ma et al. (2012). The drag force is given by

Fv =
1
2
CDaui uj j (1)

where CD is the cylinder drag coefficient, a is the frontal area of

cylinders per unit volume, u is the velocity vector.

A nonlinear k–ϵ turbulence model was implemented in the

NHWAVE model to simulate turbulent flows. According to Nepf

(1999), the large-scale mean kinetic energy is converted to small-scale

turbulent kinetic energy in flows with cylinders, and turbulent

diffusivity is reduced owing to a downward shift in turbulent-length

scale. In the NHWAVE model, these processes were modeled by

introducing a cylinder-induced turbulence production term, Pv, in the

k–ϵ equations (Ma et al., 2012; Ma et al., 2013). The modified k–ϵ

equations are written as

∂Dk
∂ t +∇ · (Duk) = ∇ · ½D(υ + υt

sk
)∇ k�

+D(PS + Pb + CfkPv � ϵ)
(2)

∂Dϵ
∂ t +∇ · (Duϵ) = ∇ · ½D(υ + υt

sϵ
)∇ ϵ�+

ϵ
k D(C1ϵ(PS + C3ϵPb + Cf ϵPv)�C2ϵϵ)

(3)

Pv =
1
2
CDl uj j3 (4)

υt = Cm
k2

ϵ
(5)

where k is the turbulence kinetic energy; ϵ is the energy

dissipation; D is the total water depth; Ps and Pb are shear and

buoyancy productions, respectively; υt is the turbulent eddy viscosity

and υ is the kinematic water viscosity; sk(=1.0), sϵ(=1.3), C1ϵ(=1.44),
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C2ϵ(=1.92), and Cm(=0.09) are empirical coefficients (Rodi, 1987); the

coefficient C3ϵ is selected as zero for a stably stratified water column

(Snyder and Hsu, 2011); Cfk(=1.0) and Cfϵ(=1.33) are drag-related

coefficients based on Lopez and Garcia (1998).
2.2 Sediment transport model

To study sediment dynamics in flows with cylinders, suspended

sediment concentration was computed from the advection–diffusion

equation formulated in s coordinates in the NHWAVE model (Ma

et al., 2015).

∂DC
∂ t + ∂DuC

∂ x + ∂DvC
∂ y + ∂ (w−ws)C

∂s = ∂
∂ x ½D(υ + υt

sh
) ∂C∂ x �

+ ∂
∂ y ½D(υ + υt

sh
) ∂C∂ y � + 1

D
∂
∂s ½(υ + υt

sυ
) ∂C
∂s �

(6)

where C is the suspended sediment concentration; ws is the

sediment settling velocity; sh and sv are the horizontal and vertical

Schmidt numbers of the sediment, respectively. To solve the sediment

transport equation, a no-flux boundary condition was employed at

the free surface.

(υ +
υt
sh

)
1
D
∂C
∂s

+ wsC = 0 (7)

At the bottom, the mass exchange of the suspended sediment was

considered by the erosion and deposition fluxes:

(υ +
υt
sh

)
1
D
∂C
∂s

+ wsC = E − D (8)

where E and D are sediment fluxes for erosion and

deposition, respectively.

For non-cohesive sediments, a pickup function (Van Rijn, 1984)

is typically used to simulate the fluxes, expressed as

E − D = 0:00033 · D0:8
50 · rs · (

rs−r
r )0:6·

g06 · υ−0:2 · (
y−yc
yc )1:5

(9)

where D50 is the median grain size, rs is the sediment density, r is

the water density, y is the Shields number given by

y =
tb

(rs � r)gD50
(10)

where tb is the bottom shear stress, yc is the critical Shields

number for incipient sediment motion.

For the combined wave–current flow, the bottom shear stress tb is
expressed as twcb , calculated using Eq. (11) considering the nonlinear

interactions between waves and currents (Soulsby, 1995; Soulsby,

1997).

twcb

t cb
= 1 + 1:2(

twb
twb + t cb

)3:2 (11)

where fw is the wave friction coefficient, fw=1.39(A/z0)
-0.52, in which

A = UwT
2p , z0 =

2:5D50
30 , T is the wave period, and Uw is the velocity at the

wave boundary layer. t cb is the bottom shear stress under the

unidirectional flow, calculated by

t cb = cdr Uc Ucj j (12)
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where cd is the bottom friction coefficient, and Uc is the mean

velocity near the bottom. twcb is the bottom shear stress under a pure

wave condition, computed as

twb =
1
2
rfwU

2
w (13)

In a flow without cylinders, the critical Shields number, yc, is

considered to be a constant which is related to the sediment

characteristics, which can be calculated by

yc = 0:15(S*)−0:3+ 0:045 exp½−35(S*)−0:59� (14)

with the dimensionless viscosity S* =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½(rs=r)� 1�gD3

50

p
m=r .

However, it has been reported that the incipient velocity decreases

under both unidirectional flows and wave conditions affected by

cylinders (Tang et al., 2013; Ros et al., 2014; Tang et al., 2019). The

turbulence, instead of mean flow, determines sediment resuspension

through arrays of rigid vegetation (Tinoco and Coco, 2016; Yang

et al., 2016; Tinoco and Coco, 2018). Hence, the sediment transport

models based on bed shear stress developed for bare bed do not work

well for flows with cylinders.

Based on experimental measurements, Tinoco and Coco (2016)

proposed a function to estimate the critical Shields number for

unidirectional flow with cylinders (Eq. 15), which was modified for

wave conditions (Eq. 16) in Tinoco and Coco (2018) based on the study

in Yang et al. (2016). These functions were obtained under the conditions

of vegetation solid volume fraction F=0.008-0.079, and stem Reynolds

number Red=200-20000 for unidirectional flow, and wave period T=2.5s,

wave height H=0.01–0.10m under wave conditions.

yc,f

yc,0
= e−37f (15)

yc,f

yc,0
=

1

1 + 0:9 · f2=3 · C2=3
D =cb

(16)

where yc,0 is the critical Shields number in the flows without

cylinders, yc,f is the modified critical Shields number affected by

cylinders, and f is the solid volume fraction of cylinders.

Ratios of obstructed to unobstructed critical Shields values in the

flows with cylinders using Eq. 15 and Eq. 16 are displayed in Figure 1.
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It is shown that the values of yc,f/yc,0 are approximately the same

when the solid volume fraction f is smaller than 0.03.

To demonstrate the effects of cylinders on sediment

suspension, numerical simulations were also carried out using

the traditional critical Shield number without cylinders (Eq. 14).

The predicted suspended sediment concentrations from the

improved model (Eq. 15 and 16) and the traditional model (Eq.

14) under both unidirectional and combined wave–current flows

were compared.
2.3 Assessment of model performance

The developed model was validated using the experimental

measurements, and the model performance was assessed

by calculating the model ski l l (MS) , the coefficient of

determination (R2) and the Root Mean Square Error (RMSE).

The model skill (Wilmott, 1981) describes the degree to which the

measured deviations about the measured mean correspond to the

simulated deviations about the measured mean, as shown

in Eq. 17. Perfect agreement between the model results and

measurements yields MS of 1.0 whereas complete disagreement

yields MS of 0.

MS = 1�
o
I

i=1
XS �XMj j2

o
I

i=1
( XS �XM

�
�

�
�+ XM �XM

�
�

�
�)2

(17)

where XS and XM are simulated and measured variables being

compared, XM is its sample mean, I is the number of the data.

The coefficient of determination (R2) is a number that indicates

how well the data fit a statistical model (Gao et al., 2018). The

coefficient of determination for a linear regression model with one

independent variable is given by

R2  ¼  ½ 1
N

·
o
N

i=1
( XS − XS

�
�

�
� · XM − XM

�
�

�
�)

sXS
· sXM

�2 (18)
FIGURE 1

Ratios of obstructed to unobstructed critical Shields values in the flow with cylinders.
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where sxs is the standard deviation of XS, and sXM
is the standard

deviation of XM. A R2 of 1 indicates that the regression line perfectly fits

the data, while a R2 of 0 indicates that the line does not fit the data at all.

The root mean square error (RMSE), which is a typical metric for

measuring the differences between samples and estimators, was also

calculated as an additional assessment for the vertically varying

density case.
3 Model calibration and validation

To evaluate the performance of NHWAVE with the improved

sediment transport model, a number of experimental datasets were

chosen for model calibration and validation. Experiments in our
Frontiers in Marine Science 05
previous studies (Chen et al., 2020; Lou et al., 2022) were adopted to

calibrate the model, including conditions of unidirectional flow (Test

1) and combined wave-current flows (Test 2-4). Another dataset

collected in the experiments of sediment suspension under directional

flow affected by rigid submerged cylinders (Lu, 2008) was used to

further validate the model, which has also been applied to validate the

model in Li et al. (2020). The hydraulic conditions and characteristics

of cylinders in these experiments were listed in Tables 1-3. The

cylinders were arrayed regularly in the experiments.

To reproduce the vegetated flow in the experiments, the

computational domain was discretized by 64 cells in the streamwise

direction with intervals of 0.1 m and 50 vertical layers. Periodic

boundary conditions were imposed at the streamwise boundaries (Ma

et al., 2013). The flow was driven by an external pressure gradient
TABLE 1 Hydrodynamic conditions in experiments conducted by Chen et al. (2020) and Lou et al. (2022) .

Run number Hydrodynamic state Hydrodynamic parameters Water depths

Test 1 Unidirectional currents Q = 140 L/s 0.8 m

Test 2

Combined wave–current flows

Combination of Test 1 and wave
(H = 0.06 m, T = 1.8 s)

0.8 m

Test 3
Combination of Test 1 and wave

(H = 0.08 m, T = 1.8 s)
0.8 m

Test 4
Combination of Test 1 and wave

(H = 0.10 m, T = 1.8 s)
0.8 m
H: wave height; T: wave period; Q: discharge.
TABLE 2 Cylinder configurations in experiments conducted by Chen et al. (2020) and Lou et al. (2022).

Cases Diameter d
(mm) Height hv (m) Stem number Density n

(stems/m2)
Solid volume
fraction f

Case-a

8

0.4 (uniform heights and
vertically uniform density)

806 168 0.008

Case-b 1599 333 0.017

Case-c*
0.2; 0.4; 0.6; 0.8 (four cylinder heights causing

the vertically varying density)

369

333 (0≤z ≤ 0.2)
256 (0.2<z ≤ 0.4)
166 (0.6<z ≤ 0.8)
77 (0.4<z ≤ 0.6)

0.017 (0≤z ≤ 0.2)
0.013 (0.2<z ≤ 0.4)
0.008 (0.4<z ≤ 0.6)
0.004 (0.6<z ≤ 0.8)

431

430

369
*Total stem number in Case-c is 1599, which is the same with that in Case-b.
TABLE 3 Hydrodynamic conditions and cylinder configurations in experiments conducted by Lu (2008).

Run
number

Discharge Q
(L/s)

Water depths
(m)

Cylinder Diameter d
(mm)

Cylinder Height hv
(m)

Density n (stems/
m2)

Solid volume frac-
tion f

C15-1 21.00
0.15

6 0.06 2000 0.023

C15-2 19.07 6 0.06 1000 0.011

C18-1 26.50
0.18

6 0.06 2000 0.019

C18-2 23.83 6 0.06 1000 0.009

C24-1 30.67
0.24

6 0.06 2000 0.014

C24-2 29.55 6 0.06 1000 0.007

C30-1 38.80
0.30

6 0.06 2000 0.011

C30-2 36.42 6 0.06 1000 0.006
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determined by the flow condition in the laboratory. The time step was

adjusted during the simulation based on the stability restriction.

Cylinder-induced bulk drag coefficient CD is a key parameter for

the simulation of flows with cylinders, which is also the main

parameter of model calibration. According to laboratory studies, the

value of CD increases with cylinder density and decreases with the

increasing stem Reynolds number (Tinoco and Cowen, 2013; Ni,

2014; Lou et al., 2018; Yang and Nepf, 2019), In this study, empirical

equations proposed by Tanino and Nepf (2008); Sonnenwald et al.

(2019) and Ghisalberti and Nepf (2004) were adopted to estimate

this coefficient.
3.1 Calibrations

Datasets in experiments in our previous studies (Chen et al., 2020;

Lou et al., 2022) were adopted to calibrate the model, including

conditions of unidirectional flow (Test 1) and combined wave-current

flows (Test 2-4).

In these simulations, the range of CD was calculated as 0.3–1.5

using the empirical equations (Ghisalberti and Nepf, 2004; Tanino

and Nepf, 2008; Sonnenwald et al., 2019). For sediment simulations,

the median grain size of 0.16 mm was used, and the settling velocity

ws was selected as 0.002 m/s computed by the equation of Soulsby

(1997). The critical Shields parameter was taken as 0.03 for flows

without cylinders, calculated using the equation in Guo (2002). The

modified critical Shields parameters for flows with cylinders were

calculated using Eqs. 15 and 16, and the values of 0.02, 0.0145, and

0.02–0.026 were obtained for the sparse (Case-a with uniform

cylinder height), dense (Case-b with uniform cylinder height), and

vertically varying cylinder density (Case-c with different cylinder

heights) cases.

3.1.1 Unidirectional flow (Test 1)
The measured mean flow, TKE, and suspended sediment

concentration under a unidirectional flow (Test 1) were adopted to
Frontiers in Marine Science 06
validate the established model. Figure 2 shows the comparisons of

measured and simulated mean flow velocities affected by cylinders.

The data were measured within cylinders by Chen et al. (2020). The

simulated results generally agreed with the measurements. The results

showed better agreements in Cases-a and b with vertically uniform

cylinder density (uniform cylinder heights), with both the model skills

and R2 values larger than 0.95. The simulated mean velocity in Case-a

was greater than that in Case-b, in accordance with the

measurements. The computed mean velocity in Case-c was

relatively lower than the measurement, indicating that the cylinder-

induced drag force was larger in the simulation than that in the

measurements. In Case-c, the average model skills and R2 values were

relatively low with the values smaller than 0.5, while the average

RMSE value as an additional assessment was 0.06, which indicated

acceptable model accuracy. The simulated results of mean velocities

proved that the gradient of mean velocity was much smaller in Case-c

with vertically varying cylinder density than that in case with

uniform density.

Under a unidirectional flow, the mean velocity was reduced

significantly in the cylinder region. Cylinder density significantly

affected the mean velocity. The U in Case-b with a higher cylinder

density was slightly smaller than that in Case-a; the U in Case-c with

vertically varying cylinder density was higher near the bottom and

lower in the upper layer than that in Cases-a and b with uniform

density. The gradient of mean velocity in Case-c was much smaller

than that in Cases-a and b. In Case-c, some cylinders had a height of

the water depth, thereby resulting in a more uniform vertical

distribution of the mean velocity. The distributions of mean

velocity in all the cases have shown a turbulent boundary-layer

profile, which was due to the small canopy drag compared with the

bed drag with the cylinder mainly contributing to the bed roughness.

The simulated TKE normalized by friction velocity u* are

compared with the measured data in Figure 3, assuming that the

lowest grid and measurement points near the bottom fall in the

logarithmic velocity profile. Generally, the agreements between

simulations and measurements were acceptable in Cases-a and b with
A B C

FIGURE 2

Comparisons of measured and simulated mean velocities in Test 1: (A) Case-a, (B) Case-b, (C) Case-c.
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uniform cylinder density (both the model skills and R2 values were

larger than 0.90). The model could effectively simulate the TKE peak

around the cylinder top in the cases with uniform cylinder density.

Under the unidirectional condition, the gradually increasing of TKE

from the cylinder top to the bottom was found in both measurement

and simulation. The largest values of TKE occurred near the cylinder

top due to the shear stress caused by the great velocity gradient.

Relatively larger deviations occurred in Case-b near the bottom,

where the simulations were greater than the measurements. The

results implied that cylinder-induced turbulence production was

lower in the measurements than that in the simulations in Case-b. In

the laboratory experiments, the equipment (ADV) in the measurement

was set up among the cylinders, which cannot catch all of the small

stem-scale turbulence in the case with dense cylinders. The TKE values

in Case-c were much lower than those in Cases-a and b. Affected by the

vertically varying cylinder density, the turbulence was relatively higher

around the layer interfaces under unidirectional currents, i.e. z =0.2, 0.4

and 0.6 m, where cylinder density varies abruptly and strong shear was

produced. The simulated vertical profile of TKE showed an extremely

small gradient in Case-c, consistent with the measurements. However,

the simulated TKE value was relatively lower than the measured data in

Case-c with the model skills and R2 values lower than 0.3 and RMSE of

0.02. In the simulation, the peaks of TKE value at z =0.4 and 0.6 m were

reproduced, while that at z =0.2 m was absent compared withmeasured

data. In Case-c, turbulence was produced by both the multi-shear layers

due to the different cylinder heights and the stem-scale turbulence. The

TKE value affected by the vertically varying cylinder density was

complicate especially near the bottom (z=0.2 m), which could not be

well resolved in the simulation.

Under the unidirectional flow (Test 1), the largest values of

turbulent kinetic energy (TKE) occurred around the cylinder top in

cases a and b owing to strong shear turbulence. Affected by the

submerged cylinders, the discontinuity in drag appearing at the top of

the cylinders generated a region of shear resembling a free shear layer

near the top of the canopy, which resulted in higher TKE values
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around the canopy top and relatively lower near the bottom. The

maximum value of TKE was higher in Case-b than that in Case-a,

which was consistent with the results of (Nepf, 1999), that dense

cylinders generate stronger shear and greater array-scale turbulence

near the cylinder top, but large-scale shear eddies are constrained in

the upper layer. In Case-c with vertically varying cylinder density, the

vertical distribution of the TKE showed more than one reflection

point. The varying cylinder heights in Case-c yielded multiple shear

layers throughout the water column (0.2–0.6 m), resulting in a higher

turbulence near the bottom than that in case with uniform density.

The comparisons of the vertical distributions of measured and

simulated sediment concentrations for Cases-a, b and c in Test 1 are

shown in Figure 4. The simulation results from the improved and the

traditional sediment transport model were both compared with the

measured data. The computed suspended sediment concentrations

using the improved sediment transport model matched relatively well

with the measurements, especially near the bottom layer (z<0.2m).

The model skills were 0.85–0.88 and R2 was 0.8–0.88 in the three

cases. The near-bed suspended sediment concentration can directly

reflect the level of sediment suspension. The simulated sediment

concentrations near bottom were in good agreement with the

measurements, which proved that the proposed model can

reproduce sediment suspension affected by cylinders based on the

modified critical Shield number. However, the suspended sediment

concentrations in the upper layer of water column were

underestimated in Case-c. In Case-c, the simulated values of mean

velocity and TKE were relatively smaller than the measurements,

resulting in smaller bottom shear stress and diffusivity in the

simulation. To better simulate the sediment concentration in the

upper layer, the vegetation-induced turbulence including shear and

stem-scale wake turbulent kinetic energies should be both considered

in the future simulation. Sediment concentrations from the

traditional sediment transport model were much lower than the

measurements, and there was even no sediment suspension in

Case-b and Case-c. Due to the higher cylinder densities in Case-b
A B C

FIGURE 3

Comparisons of measured and simulated TKEs in Test 1: (A) Case-a, (B) Case-b, (C) Case-c.
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and Case-c, the flow velocities were damped severely, which resulted

in small bed shear stress and the underestimation of sediment

suspension using the traditional sediment transport model.

Comparing the sediment concentrations in Case-a with sparse

cylinders and Case-b with dense cylinders, it was found that the

sediment concentrations increased with the growing cylinder density,

especially near the bottom, which agreed well with the results in

Tinoco and Coco, 2018; Tinoco and Coco, 2016). It was also proved

that the bottom sediment suspension was mainly contributed by the

turbulence generated around cylinder stems. In other words, the

incipient motion velocity decreased with the increasing cylinder

density in flows with cylinders. The sediment concentrations were

higher in Case-b and Case-c than that in Case-a under a

unidirectional flow (Test 1). Although the solid volume fractions

were the same near the bottom in these cases, the vertically varying

cylinder density promoted sediment suspension due to higher

turbulence near the bottom than that in case with uniform density.

3.1.2 Combined wave-current flows (Tests 2-4)
To further validate the sediment model, experimental data from

Tests 2, 3, and 4 were used to simulate sediment suspension in combined

wave-current flows. Figures 5–7 show that the computed suspended

sediment concentrations using the improved sediment transport model

agreed with the measurements near the bottom, while some deviations

appeared in the upper layer, where the simulated sediment
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concentrations were smaller than the measured data. The model skills

were 0.83–0.85, 0.66–0.88, and 0.54–0.73 in Tests 2, 3, and 4, respectively

(Table 4). The R2 values were 0.84–0.88, 0.84–0.88, and 0.84–0.89 in

Tests 2, 3, and 4, respectively (Table 4). The sediment concentration

increased gradually with the growing wave height. Higher wave height

induced larger bed shear stress, which enhanced bottom sediment flux

and sediment suspension. More suspended sediment was kept stay in the

upper layer by the relatively larger turbulent kinetic energy due to higher

wave height. Using the modified Shields number given in Eqs. 15 and 16,

the model could predict sediment suspension near bottom under

combined wave–current flows with a certain accuracy. Due to the

similar reason as in Test 1, the suspended sediment concentrations in

the upper layer of water column were also underestimated in the

combined wave-current flows, especially in Case-c. Affected by

cylinders with vertically varying density, the sediment simulation was

more difficult due to the complicate turbulence in both canopy- and

stem- scale. On the contrary, the sediment suspension was significantly

underestimated using the traditional sediment transport model. It is

necessary to consider the cylinder effects on the threshold condition of

sediment suspension in the flows with cylinders.

Comparing the results in Cases-a and b, it was clear that the

suspended sediment concentration increased with cylinder density,

indicative of the effects of cylinders on suspended sediment transport

in stem scale. Although the stem numbers were the same in Case-b

and Case-c, the sediment distributions were slightly different. In Case-
A B C

FIGURE 5

Measured and simulated sediment concentrations in Test 2: (A) Case-a, (B) Case-b, (C) Case-c.
A B C

FIGURE 4

Comparisons of measured and simulated sediment concentrations in Test 1: (A) Case-a, (B) Case-b, (C) Case-c.
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A B C

FIGURE 6

Measured and simulated sediment concentrations in Test 3: (A) Case-a, (B) Case-b, (C) Case-c.
A B

FIGURE 7

Measured and simulated sediment concentrations in Test 4: (A) Case-a, (B) Case-b.
TABLE 4 Accuracy of model calibrations and validations.

Calibrations
With uniform cylinder density With vertically varying cylinder density

R2 MS R2 MS RMSE

Test 1 0.82-0.97 0.88-0.97 0.30-0.80 0.20-0.88 0.02-0.08

Test 2 0.84-0.87 0.83-0.96 0.88 0.88 0.15

Test 3 0.84-0.89 0.65-0.92 0.88 0.87 0.17

Test 4 0.84-0.89 0.54-0.73 – – –

Validations
With uniform cylinder density

R2 MS

C15-1 0.93-0.97 0.93-0.98

C15-2 0.92-0.98 0.94-0.98

C18-1 0.93-0.98 0.97-0.98

C18-2 0.95-0.99 0.95-0.98

C24-1 0.97-0.98 0.95-0.98

C24-2 0.97-0.99 0.88-0.98

C30-1 0.96-0.98 0.91-0.98

C30-2 0.96-0.99 0.68-0.98
F
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c, which was affected by vertically varying cylinder density, the array-

scale turbulence caused by both the multi-shear layers and stem-scale

turbulence affected sediment suspension. The imposed waves

increased sediment suspension compared to the results under

different hydrodynamic conditions. The co-occurring waves greatly

enhanced bottom shear stress and promoted sediment suspension,

and the sediment concentration was found to be increased with the
Frontiers in Marine Science 10
growing wave height, especially near the bottom. In the upper layer

(z>0.2m), there were clear deviations between the measured and

simulated data. The sediment concentration near the bottom was

mainly controlled by the bottom sediment flux, while it was

determined by turbulent diffusivity in the upper layer.
A B

D

E F

G H

C

FIGURE 8

Comparisons of measured and simulated mean velocities in tests
carried out by Lu (2008): (A) C15-1, (B) C15-2, (C) C18-1, (D) C18-2,
(E) C24-1, (F) C24-2, (G) C30-1, (H) C30-2.
A B
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G H
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FIGURE 9

Comparisons of measured and simulated sediment concentrations
normalized by the concentrations at cylinder top (Ch) in tests carried
out by Lu (2008): (A) C15-1, (B) C15-2, (C) C18-1, (D) C18-2, (E) C24-1,
(F) C24-2, (G) C30-1, (H) C30-2.
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3.2 Validations

The proposed model was further verified using another

experimental dataset by Lu (2008), which has also been applied to

validate the model in Li et al. (2020). The material of sediment

particles used in the experiments (Lu, 2008) was plastic with the

median grain size of 0.217 mm and sediment density of 1.082 g/cm3.

The CD values were 0.6–0.7 in the simulations according to the

empirical equations (Lou et al., 2021). The settling velocity ws was

0.0047 m/s based on the experimental measurements (Lu, 2008; Li

et al., 2020). The critical Shields parameter was calculated as 0.035 for

flows without cylinder using the equation in Guo (2002). The

modified critical Shields parameters for flows with cylinders were in

the range of 0.02-0.03 calculated using Eq. (15).

To validate the proposed model, model results were compared

with experimental datasets in 8 tests (Table 3). Figure 8 shows the

comparisons of measured and simulated mean velocities. There was a

good correlation between measured and predicted values with both

the model skills and R2 values larger than 0.93 (Table 4). Deviations

between model results and experimental data were found at z/h<0.25

in tests C24-2 and at z/h<0.2 in C30-2. Larger values of flow velocity

in the simulations were caused by the underestimation of CD.

Figure 9 presents the comparisons of measured and simulated

sediment concentrations normalized by the concentration at the

cylinder height (Ch). The simulated results matched with the

measured data in tests C15-1, C15-2, C18-1 and C18-2 with the

averaged model skill and R2 value of 0.96 and 0.94. Relatively larger

deviations occurred in tests C24-1 (model skill of 0.95) and C30-1

(model skill of 0.91), while obvious disagreements were found in C24-

2 (model skill of 0.88) and C30-2 (model skill of 0.68). The simulated

concentration was greater than the measured data especially near the

bottom, which was greatly affect by the sediment suspension

processes. In tests C24-1, C24-2, C30-1 and C30-2, the cylinder

density was relatively low. The cylinder densities (f) in tests C24-2

and C30-2 were both less than 0.01 (0.006 and 0.007, respectively). It

was found that the proposed sediment transport model was less

accurate in cases with small cylinder density (f<0.01).
4 Rationale and limitations of the
proposed model

The traditional sediment transport model for bare bed (Eq. 14)

without the consideration of cylinders was modified to reproduce the

processes of sediment suspension affected by cylinders. Sediment flux

near bed was calculated based on a modified critical Shields number

due to the presence of cylinders in the improved model (Eqs. 15 and

16). This improvement allowed to capture the strong influence of

cylinders on sediment suspension due to the cylinder induced

turbulence. This proposed model can be simply used to simulate

sediment suspension affected by cylinders in both unidirectional and

the combined wave-current flows under similar conditions as the Eqs.

15 and 16 deduced. However, it was found from the model

verifications that better agreements between simulations and

measurements were observed in cases with uniform density

cylinders. Sediment suspension affected by vertically varying density
Frontiers in Marine Science 11
cylinders should be further studied considering the combined

influences of shear and stem-scale wake turbulent kinetic energies.
5 Conclusions

Numerical simulations on sediment suspension affected by cylinders

under unidirectional and combined wave–current flows were presented.

A sediment transport model with a modified critical Shields number

considering cylinder density (solid volume fraction f) proposed by

Tinoco and Coco (2016) was employed to simulate sediment suspension

in the flows with cylinders. Results demonstrated that the improved

model could reasonably reproduce sediment suspension in the flows

with cylinders, while the sediment transport model with the traditional

critical Shields number failed to capture sediment suspension in the

cylinder canopy. Numerical simulations showed that denser cylinders

and larger wave heights resulted in stronger sediment suspensions. The

stem-scale turbulence induced by cylinders and enhanced bed shear

stress by waves greatly promoted sediment suspension. Flow–cylinder–

sediment interactions are complex and require more investigations, and

the proposed sediment transport model should be further validated

using field observations.
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