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Abstract

Floating vegetation islands (FVIs) have been widely utilized in various river
ecological restoration projects due to their ability to purify pollutants. FVIs float at the
surface of shallow pools with their roots unanchored in the sediment. Biofilm formed by
roots under islands filters nutrients and particles in the water flowing through it. Flow field
disturbance will occur and transverse distribution of flow velocity will change due to the
existence of FVIs. Transport efficiency of suspended solids, nutrients, and pollutants will also
be altered. A modified analytical model that considers effects of boundary friction, drag force
of vegetation, transverse shear turbulence, and secondary flow is established to predict
transverse variation of depth-averaged streamwise velocity for the open-channel flow with
FVIs using Shiono and Knight method. The simulation results with suitable boundary
conditions successfully predicted lateral profile of the depth-averaged streamwise velocity
compared with the experimental results of symmetrical and unsymmetrical arrangements of
FVIs. Hence, the presented model can provide guidance for investigating flow characteristics

of rivers with FVIs.

Keywords: Floating vegetated island - Depth-averaged streamwise velocity - Velocity
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An analytical model of depth-averaged streamwise velocity for open-channel flow with floating

vegetated islands is proposed.

The modeled results indicate good predictions in depth-averaged streamwise velocity.

The new calculation method of comprehensive friction factor is derived.

Introduction

Floating vegetation islands (FVIs) are widely used in river ecosystem recovery
projects due to their satisfactory pollutant purification ability. Roots of floating macrophytes
on the surface of shallow pools are unanchored in the sediment (Nahlik and Mitsch 2006;
Downing—Kunz and Stacey 2011). The root system extends down to the river bottom and
provides for the matrix in the formation of biofilm with its ability to remove small suspended
particles, dissolved pollutants, and nutrients (Billore and Sharma 2009; Hwang and LePage
2011; Tanner and Headley 2011; Chua et al. 2012; Liu et al. 2019). The existence of FVIs
remarkably alters the internal structure of fluid, increases the complexity of the flow pattern
(Yang et al. 2007), and impacts the transport and diffusion of pollutants and sediment transfer
(Huai and Li 2016). Specifically, FVIs directly affect the surface of the fluid by reducing the
flow velocity in this area. The vertical distribution of the streamwise velocity is altered and
the maximum velocity appears in the middle water depth rather than the water surface under
the joint action of FVIs and rough flume bed unlike the open-channel flow. However, flow
characteristics of the open-channel flow with FVIs are similar to those of ice-covered
channels. Therefore, investigating flow characteristics of the open-channel flow with FVIs,

such as velocity distribution, flow rate, and secondary currents, is necessary.

The depth-averaged streamwise velocity of natural streams should be predicted first to
explore the sediment transport and river evolution (Bonakdari 2012; Liu et al. 2013a), and the
total rate of flow can then be obtained by integrating the depth-averaged streamwise velocity
over the cross section. The transverse distribution of the streamwise velocity in the open
channel with FVIs can be acquired according to the depth-averaged Navier—Stokes (N-S)
equation. Shiono and Knight (1991) initially derived the depth-averaged form of the N-S
equation in the compound channel. The majority of studies on the transverse distribution of

the streamwise velocity in the channel have focused on the flow through submerged and
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emergent canopies, typically introduced the term of vegetation drag force into the N—S
equation while considering the effect of the canopy, and applied different methods to improve
the model. For instance, Chen (2010) and Huai (2011) derived a nondimensional form of the
N-S equation to overcome limitations caused by the dimensional one and quantify the effects
of gravity and friction. A certain number of subregions in the transverse direction were
defined with different parameters in each subregion on the basis of mixing layer theory
(White and Nepf 2008; Huai et al. 2013; Liu et al. 2013b; Fernandes et al. 2014). Modified
calculation methods of unknown coefficients, such as friction, eddy viscosity, and secondary
flow coefficients, are put forward to improve the reliability of the calculation results
(Rameshwaran and Shiono 2007; Huai et al. 2008; Huai et al. 2009; Devi and Khatua 2016).
Meanwhile, some studies have focused on the ice-covered channel flow because its flow
characteristics are similar to those of the channel flow with FVIs to some extent. Zhong
(2019) and Wang (2020) investigated the transverse distribution of the depth-averaged
streamwise velocity in the rectangular flume and the compound channel according to a two-
layer hypothesis, respectively. However, studies concentrating on the transverse distribution

of the depth-averaged streamwise velocity of the open-channel flow with FVIs are limited.

Accordingly, an analytical model derived from the Shiono and Knight method (SKM)
(Shiono and Knight 1991) and secondary flow theory (Ervine et al. 2000) for predicting the
transverse distribution of the depth-averaged streamwise velocity in the open channel with
FVIs is proposed in this study. Canopy resistance is added to the N—S equation that considers
the existence of FVIs, and the analytical solution of the depth-averaged streamwise velocity
is obtained by solving the governing equation. The analytical solution is then compared with
experimental data acquired from symmetrical and unsymmetrical arrangements of FVIs. The
consistency of the modeled results with experimental data proves the reasonability and
validity of the analytical model. Meanwhile, the analytical model can provide a reference for

investigating flow characteristics of the open channel with FVIs.
Experimental setup

Two experimental conditions, namely, symmetrical and asymmetrical arrangements
of FVIs, are carried out in the laboratory, as illustrated in Fig. 1, and their corresponding
series of cases are illustrated in Fig. 2. Specifically, the experiment was conducted in a 20 m-
long and 1 m-wide (B) glass flume with a bed slope So equal to 0.01%. FVIs with widths of
0.6 and 0.3 m (b) are arranged symmetrically along the center with lengths of 5 and 8 m,

respectively, while its unsymmetrical counterpart with a respective width and length of 0.3 ()

3
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and 8 m is set close to the shore wall. Moreover, steady and uniform flow is adopted in these
cases. The water depth is adjusted using a tailgate with the discharge regulated by an
electromagnetic flowmeter installed upstream of the channel, and the point velocity is
measured with a SonTek 3D Acoustic Doppler Velocimeter (ADV). The root system of
floating vegetation is simulated using a series of rigid columns. Columns are orthogonally
aligned with the side length of the square element equal to 0.05 m. The canopy height and
diameter are h. = 0.25 m and D = 0.006 m, respectively. Columns are vertically attached to
several suspended polyvinyl chloride (PVC) plates. The channel bed is covered with some 2

m-long, 1 m-wide, and 0.01 m-thick PVC base plates.

(a) Asymmetrical arrangement case (b) Symmetrical arrangement case

Fig. 1 Global view of the channel with different FVI arrangements
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106 Fig. 2 Diagrams of the FVI layout in the laboratory flume: (a) Top view of the

107  asymmetrical arrangement case; (b) Cross-section profile of the asymmetrical arrangement
108  case; (c) Top view of the symmetrical arrangement case; (d) Cross-section profile of the

109  symmetrical arrangement case with the canopy height 4., gap height hg, and water depth H

110 The entire cross section of the unsymmetrical arrangement of FVIs is considered for
111 analysis, while half of the channel is analyzed for symmetrical case on account of its
112 symmetry. Fig. 2 shows the diagrams of unsymmetrical and symmetrical cases, including top
113 views and cross-sectional drawings. The measuring section is set 1 m away from the end of
114  FVIs. Fourteen to eighteen measuring lines are taken in the cross-sectional direction
115  according to different arrangement cases. Seventeen to twenty-two measuring points are
116  selected for each perpendicular with a measuring spacing of 0.02—0.04 m to improve the
117  accuracy of the vertical velocity distribution. Instantaneous velocities are obtained using the
118  ADV at a frequency of 50 Hz with a sampling period of 160 s. High-quality measuring data
119 are then conserved by removing low signal-to-noise ratio (<15 dB) and low-correlation
120 (<70%) samples. Water depths of 0.43 and 0.48 m are adopted under these working

121 conditions. Experimental parameters are listed in Table 1.

122 Table1

123 Geometric and hydraulic parameters of experiments
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Cases FVI layout Q(m’/s) H@m) h.(m) hg(m) b(m) B(@m) So(%)

Run1  Symmetric arrangement 0.0420 043 0.25 0.18 0.6 1.0 0.01
Run2  Symmetric arrangement 0.0469 048 0.25 0.23 0.6 1.0 0.01
Run3  Symmetric arrangement 0.0423 043 0.25 0.18 0.3 1.0 0.01
Run4  Symmetric arrangement 0.0475 048 0.25 0.23 0.3 1.0 0.01
Run5 Asymmetric arrangement  0.0424 043 0.25 0.18 0.3 1.0 0.01

Run 6 Asymmetric arrangement  0.0477 048 0.25 0.23 0.3 1.0 0.01

Theoretical analysis

Deriving the depth-averaged streamwise momentum equation with additional canopy
resistance is necessary to predict the transverse variation of the depth-averaged streamwise
velocity of the open-channel flow with FVIs. By introducing the canopy resistance into the
Navier-Stokes equation and combining it with the continuity equation, the governing

equation can be obtained as follows (Shiono and Knight 1991):

oUvV oUW or, Or.,
pl—+ 1= pgSy+——+—=-F,, (D

Oy 0z oy 0z '

where x, y, and z represent streamwise, transverse, and vertical coordinates, respectively; U,

V, and W are time-averaged velocities in {x, y, z} directions; p denotes the water density; So
is the channel bed slope; g represents the gravitational acceleration; 7, and 7, denote the
Reynolds shear stresses on planes perpendicular to z and y directions, respectively,
T, = —pu'_w' and T, = —pu'_v'; u', v', and w'" are fluctuating velocities in {x, y, z} directions.

The overbar indicates that parameters are averaged over time. F) is the drag force generated

by the canopy per unit fluid volume, which can be expressed as

1
F, =5 p(C,pANU”. 2

where C, denotes the vegetation drag coefficient; f represents the shape factor of the canopy;
and A, is the projected area of canopy per unit volume in the longitudinal direction, A, = mD

=2.4 m " and m represents the number of columns per bed area (Nepf and Vivoni 2000).
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The depth-averaged momentum equation is obtained by integrating Eq. (1) over the

water depth H. Assuming that W(0) = W(H) =0, we have

P Jy 5P(CaPAI dz, 3)

1 —
where (UV), :E_[OH UVdz ; 7, denotes the depth-averaged Reynolds shear stress on the

: o - 1 -
plane perpendicular to the y-direction, 7. =7 f OH (=pu'vdz ; and 7, represents the

0 . )
82-”‘ dz . The integral of the canopy resistance

<

H
comprehensive boundary shear stress, 7, = — J.O

term over the water depth H can be divided into two parts, namely, 0—h, and he—H. Assuming
that the canopy resistance term in the 0—h, region is equal to zero, the integral of the canopy

resistance term can be expressed as

H | 5 H ] 2 1 2
f; 5PCaPAN dz = [~ p(C, AU dz == p(C, LAY “)

where /g is the height of the gap region; A. is the height of the canopy region, h. = H — hg; and
1 ¢H
U, 1is the depth-averaged streamwise velocity in the canopy region, U, =0 J.hg Udz . The

relationship between the depth-averaged streamwise velocity in the canopy region and the
depth-averaged streamwise velocity of the total water depth H presented in Plew (2011) is

expressed as follows:

U, —a*—Chi* +(1~ AR —h)(C,h+a®) ~a*C,h _p -
U, Ah(1-h)* —a® —C i o

. . . 1 ¢H .
where U, 1s the depth-averaged streamwise velocity, U, :E _[O Udz; h=h./H ; a is a
dimensionless parameter, o’ =<u'w'>_/(U da, -U dr)ZQ U 4, is the depth-averaged streamwise

o . 1 ¢n .
velocity in the gap region, U, = h_.’.og Udz ; <u'w'>_ is the shear stress at the bottom of
8

the canopy; Cp is the bed friction coefficient; and A=C,A H /2, and the overbar of C A,

shows that the vegetation drag coefficient and projected area of vegetation are multiplied and

then averaged vertically.
Eqgs. (4) and (5) are substituted into Eq. (3) to obtain the following:

7
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oy = pgHS, +

1
- z-d - 5 p(CdﬂAx)thuzU; ’ (6)

The eddy viscosity method is widely used in numerical simulation. Hence, ;yx can be

expressed as follows (Shiono and Knight 1991):

- - oU,
Ty = PExx

(7

where ;_Vx denotes the depth-averaged eddy viscosity, Zyx =AHU, ; A represents the

S

dimensionless eddy viscosity; and U, denotes the local shear velocity, U, =/z,/p= ?U g

Hence, the comprehensive boundary shear stress 7, can be expressed as

r,=plius, ®)

where f, represents the Darcy—Weisbach comprehensive friction factor.
Eq. (6) can only be solved numerically due to the influence of the secondary flow

term paHi% (Rameshwaran and Shiono 2007). Some methods for simplifying the

equation have been proposed to solve the equation analytically. The secondary flow term was
ignored in Shiono and Knight (1989) to obtain analytical solutions but considered in many
other instances, especially in compound channels (Ervine et al. 2000). The secondary flow is

AHWUY),]

assumed to be the constant =T in Shiono and Knight (1991) and determined on

the basis of experimental data in particular situations. Ervine et al. (2000) proposed
U=KU, and V=K,U,; thus, UV=K K,U; =KU, , while K was not considered as a
constant in vertical directions (Yang et al. 2007). We adopted the approach in Liu et al.

(2013b) to obtain (UV), = KU j. Therefore, the secondary flow term is expressed as follows:

GHWUV), OHKU?)
= , )
T Ty

where K is the depth-averaged secondary flow coefficient that varies with the roughness and

geometry of the channel, EU; is a value that can approximately describe the two-
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dimensional mixing process consisting of a horizontal shear layer and the exchange of mass,

energy, and momentum between vegetated and non-vegetated areas (Ervine et al. 2000).

Therefore, Eq. (1) is expressed as

ou,

O(HKU?)
oy g |

oy

0 1
ngSO+—[p(&)l/2/1H2Ud ]—p&Uj __p(CdIBAv)thuZUj = (10)
oy 8 8 2
The blocking effect of the canopy, which is represented by the porosity d, should be
considered in addition to the drag force of the canopy. The porosity is related to the volume
density of the canopy. The effect of porosity should be considered for all terms, except the

drag force term. Thus, Eq. (10) can be rewritten as

ou,

d 1 O(HKU?
SpgHS,, + 55[,0(%)1/2/%% g] —5,0%Uj -3 p(C,PADRPU. = 5pM .

(11

Regions 14 are divided in Fig. 3 to illustrate the partition of the cross-section profile
clearly. The interface between regions 1 and 2 is between vegetated and non-vegetated areas.
The interface between regions 2 and 3 is located in the place where the depth-averaged
streamwise velocity Uy reaches 95% of the maximum Ugmax, which we think that the mixing
layer is fully developed. Region 4 considers the effect of the shore wall and is set up with its
boundary located in the place where Uqs reaches 95% of the maximum Ugmax. TWo working
conditions, namely, symmetrical and asymmetrical arrangements, are considered in this study.
Only the diagram of the asymmetrical arrangement is selected for analysis because of the

similarity of the region division in these two working conditions.
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0.12 ’ Ez& 1 2 9
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Fig. 3 Transverse distribution of depth-averaged streamwise velocity in the channel

with the asymmetrical arrangement of FVIs

According to the division of the cross-section profile, the analytical solution to Eq.

(11) can be derived as follows:

(1) For the vegetated area, namely, region 1 in Fig. 3, Uy is expressed as

UY =(Ae™ +Ae™ + )", (12)
2 8
where 7, =—— (—)*{K, +[K, +4 Jayr(™ ¢ gpn P2+ Lay ()" K, -y,
7 ﬂ(fd) {K, +[ ( ) ( «PDh. P, ) Yoo H/I(fd) -
o, = gHS, , and A1 and A, are unknown constants.
fa .\ C,pmDh P}
8 20

(2) For the non-vegetated area, namely, region 2, region 3, and region 4 in Fig. 3, Uy is

expressed as
UP =A™ + A’ +,)", (13)

where 7, = () (R 41K, + 20212, = 2 (PR, -y, 0, =50

HA f, HA f, Ja

and A3z and A4 are unknown constants.
UY =(Ae”™ + A’ + )", (14)

where ;= () (R IR, + A AL, g = 2 (K g0, =B

HA f, HA f, Ja

and As and A¢ are unknown constants.

U‘(14) — (A7ey7y +A8678y +a)4)1/2 , (15)

2 8 ,— 8gHS
where ——(—)I/Z{K +[K, m(fd)l/z(fd)]l/z} vy =—(—)"*K,— 7., 0, = 0o
7 ﬂ, fd 8 Hﬂ. fd 4 7 4 fd

and A7 and Ag are unknown constants.

Superscripts (1)—(4) of Ua represent regions 14 in Fig. 3, respectively. Z—Z are
the secondary flow coefficients in regions 1—4, respectively. f; is the friction coefficient that
will be specifically introduced in the later section. A1—Ag can be derived from the boundary

conditions in the following section.

10
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Boundary conditions for analytical solutions

The flow structure under two experimental conditions of symmetrical and asymmetric
arrangements of FVIs is explored in this study. Diagrams of the two experimental conditions
are shown in Fig. 4, where B is the width of the channel. Let aB and (1—a)B be the respective

widths of vegetated and non-vegetated areas (0 < a < 1) to simplify the calculation.

(a-1)B 0 oB 'y 0 oB/2 B2y
> >
A 4 A 4
(a) Asymmetrical arrangement case (b) Symmetrical arrangement case

Fig. 4 Diagrams of the two arrangement cases

Using suitable boundary conditions to obtain unknown coefficients Ai—Asg is necessary

to obtain solutions of Uy for symmetric and asymmetric arrangements of FVIs.

(1) Boundary conditions for the asymmetrical arrangement of FVIs

a. U" =0 for y = aB is obtained by utilizing the no-slip boundary condition in the vegetated

side.

b. U =0 for y = (a—1)B is obtained by applying the no-slip boundary condition in the non-

vegetated side.

c. U =U" according to the continuity of depth-averaged streamwise velocity at the

interface between two adjacent regions.

d. U 10y =0U{"" /0y due to the continuity of velocity gradient at the interface between
two adjacent regions.

(2) Boundary conditions of the symmetrical arrangement of FVIs

a. The velocity distribution is symmetrical along the centerline of the channel, and thus the

velocity gradient at the center is equal to zero, such that U " /9y =0 fory = 0.

11
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b. U'Y =0 for y = B/2 is obtained by applying the no-slip boundary condition.

c. UY =U"Y according to the continuity of depth-averaged streamwise velocity at the

interface between two adjacent regions.

d. oU /8y =0U"" /8y because of the continuity of velocity gradient at the interface

between two adjacent regions.
Application principle and calibration coefficients

The lateral eddy viscosity coefficient 4, friction coefficient f;, porosity J, shape factor

f, depth-averaged drag coefficient Cy, and secondary flow coefficient K must be determined
to calculate the lateral velocity distribution in the channel with FVIs. The channel cross
section is subdivided into different subregions and suitable secondary flow coefficients are
applied to each subregion using Eqs. (12)—(15) to establish the lateral distribution model of
U,. Considering the symmetrical arrangement of FVIs, only half of the cross section ought to
be explored, which is then divided into four sub-regions as narrated above as well as the

entire cross section in the asymmetrical arrangement of FVIs.
1. Transverse eddy viscosity coefficient 4

A constant “standard” value of 4 = 0.067 is introduced to the four subregions to
simplify the calibration procedure and modeling process (A =x/6=0.4/6~0.067 , where
x is the Karmen constant). Note that the change of A slightly affects the results of the SKM

for the open-channel flow. Therefore, only the secondary flow coefficient K must be
calibrated to simulate the transverse distribution of the streamwise velocity (Knight and Abril

1996; Abril 1997; Tang and Knight 2008).
2. Friction coefficient fy

The derived calculation formula of the comprehensive friction coefficient f; mainly
uses the relationship among the channel bed boundary shear stress g, floating island

boundary shear stress 7., and comprehensive boundary shear stress 74, which is expressed as

Td = (Zgrg +ZCTC)/Z(1 .

2

Assuming that 7, =p%U§ , T, :pf”Ui , and 7, zp%Ud , the following

oo

equation is obtained:

12
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Xl U =2, FU5 +2.L.U (16)
where f; and f. are the Darcy—Weisbach friction factors of the channel bed and floating island,
respectively; y, and y, represent dimensionless wetted perimeters of the channel bed per
unit width and floating island per unit width, respectively; and y, is the dimensionless
comprehensive wetted perimeter per unit width, y, = 7, + 7.

According to the relationship between the depth-averaged streamwise velocity in the

canopy region and the depth-averaged streamwise velocity of the total water depth H in Eq.

(5), U, =RU, . The depth-averaged streamwise velocity of the entire water depth

1 . . o
Uu,= ELH Udz can be expressed using the depth-averaged streamwise velocity in the canopy

region U, :hi J.} HUdz and the depth-averaged streamwise velocity in the gap region

c

1 h . .
U, =— .[ " Udz , such that HU, =hU, +hU, . Therefore, the relationship between U,
g h 0 c g c
8

and U, can be derived as follows

v, v, =t Jao hoop (17)
ST T by 1+h,/h,

Thus, Eq. (16) can be transformed into

P ARG &/ S AL AR (18)
‘ Za X+ Xe

The expression of the friction coefficient is obtained by combining the commonly
used Chezy formula with the Manning equation. Therefore, the friction coefficient of the

channel bed and the floating island can be expressed as

8gn
g R1/3g ’ (19)
8
8on’
fo= g (20)

c

where ng and n. represent Manning’s roughness coefficients of the channel bed and the

floating island, respectively, and R, and R. denote hydraulic radiuses of gap and canopy

13
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regions, respectively. Similarly, depth-averaged streamwise velocities of these two regions

are expressed using the Chezy and Manning equations as follows:

R2/3J1/2
v, =——~—, 21
8 ng
R2/3J1/2
U, =———, (22)
¢ n

C

where J, and J. are hydraulic slopes of gap and canopy regions, respectively. Considering
that the flow condition in this research is steady and uniform, there is Jg = J.. Accordingly,

U, = PU da, is combined with Egs. (21) and (22) to express the relationship between R, and

R. as follows:

R 22
g _ g
R_c_ Pu/3/2nc3/2 ) 23)

Hence, the comprehensive hydraulic radius of the channel cross section R; can be

expressed as
A, A A Ay AT 1, n PR+

R, =24 = 2 R, (24)
Xa  XeT X I+x./x, 1+4

where A, and A, are areas of the gap and canopy regions, respectively; Ay is the area of the

entire cross section, Aq = Ag + Ac; and S’ is the ratio of y. to y, ' = xc/x.. We obtain the

following equation on the basis of Eq. (24):

1+ '
Rc:n3/2—ﬂRd‘ (25)

g '
7+ﬁ

3/2 pr3/2
nE,

Thus, the comprehensive friction factor fs can be expressed by substituting Eqgs. (19)

and (20) and (23)—(25) into Eq. (18) as follows:

KXo T Xe

u

/3
8¢ n3/21)ul*3/2 +ﬂ'nf/2 -
f, = { g TR (nguzp 3/2712/2 +ZCPL¢2”3/2)- (26)
d

The comprehensive hydraulic radius for areas covered by floating islands is
approximately equal to hg/2. Thus, the comprehensive friction factor of the part of the

floating island can be expressed as
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The comprehensive hydraulic radius of the free water surface for free water surface
areas is approximately equal to /. Thus, the comprehensive friction factor of the free water

part can be expressed as

2 p2pr2
_ SgngPu P

1/3
8 hg

(28)

3. Porosity 0

Porosity o refers to the volume of pure water per unit water body in the case of

vegetation and is expressed as

o=1-V

vegetation

A%

column °

(29)

. : . 1
where Viegewrion 15 the vegetation volume per unit vegetated area, V. = D’h,, and

vegetation

Veoumn 1s the volume of the water column for one water depth column per unit vegetated area,

Vv =H.

volume ™

4. Shape factor f and drag coefficient C,

The results of earlier studies showed that both the drag coefficient Cs and the shape
factor f may be considered equal to 1.0 (Schlichting 1960; Stone and Shen 2002; James 2004;
Armanini et al. 2005; Rameshwaran and Shiono 2007; Tanino and Nepf 2008; Sun and
Shiono 2009; Liu et al. 2013b).

5. Secondary flow coefficient K

The secondary flow coefficient K is calibrated empirically in the current study to

obtain the most consistent one with the lateral depth-averaged flow velocity distribution of

the experiment and thus considered the optimal K.
Comparative analysis of results

The reliability and validity of the analytical model is verified using the experimental
results. Parameters used for modeling in both cases are listed in Table 2. Figs. 5-7 show the

analytical results of U for symmetrical and unsymmetrical cases with two different flow
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depths. Fig. 5 illustrates that the analytical results of the symmetrical case with large width (b
= 0.6 m) are consistent with the experimental results regardless of a high or low flow depth.

The comparison of Figs. 5(a) and 5(b) shows that the velocity gradient oU, /0y at low water

depth is larger than that at high water depth in the mixing layer. The rapid increase of Uy with
large water depth to the maximum from the vegetated area to the non-vegetated area is
consistent with engineering practice. The velocity in the non-vegetated area at low water

depth is slightly larger than that at high water depth. Moreover, values of the secondary flow

coefficient K remain nearly unchanged in the vegetated area (region 1) with the increase of
water depths but increase from 0.9% to 1.2%, 2.5% to 5.0%, and 1.0% to 2.0% in regions 3, 4,

and 5 of the non-vegetated area, respectively (Table 2).

Fig. 6 presents that the prediction of the model is also satisfactory in the symmetrical
case with a small width (b = 0.3 m). Similar to the aforementioned case, U, increases rapidly
toward the maximum value at a low water depth and the maximum velocity value at low
water depth slightly outweighs that at high water depth. However, some deviations exist

between the symmetrical case with small width and that with large width. For example,

values of the secondary flow coefficient K in region 1 in the small width case are one order
of magnitude larger than those in the large width one and reach values at 0.5% and —1.0% for
low and high water depths, respectively. This phenomenon is likely due to the weakened
resistance of vegetation to secondary flows along with the decrease of the width of the

vegetated area (region 1) that enlarges the secondary flow coefficient in that area. Moreover,

values of the secondary flow coefficient K change from 0.5% to —1.0% as the water depth
grows in the same region, thereby indicating the change in direction of the secondary flow’s
rotation, which is a different result from that of the large width case. Compared with the large
width case, the velocity changes more gradually in the small width case due to the wider

mixing layer.

The model can also successfully predict the lateral variation of depth-averaged
streamwise velocity at low and high water depths for the asymmetrical case, as shown in Fig.
7. Uy alters more sharply at low water depth and the maximum value it reaches is larger than

that at high water depth in the mixing layer. Moreover, negative signs of the secondary flow

coefficient K are contrary to the symmetrical cases, as presented in Table 2. The distinctive

arrangement of FVIs may alter flow patterns in symmetrical and asymmetrical cases and
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383
384

385
386

387

cause this result. The modeled results are slightly smaller than the experimental data when

0.2 m <y < 0.3 m likely because the shore wall friction is neglected.

Table 2

Parameters used in modeling the open-channel flow through FVIs

Cases /i 2 3 a K(%) K,(%) K{(%) K,(%)
Runl 0067 0067 0067  0.067 0.1 0.9 2.5 1.0
Run2 0067 0.067 0067  0.067 0.0 1.2 5.0 2.0
Run3 0067 0.067 0067 0.067 0.5 1.8 9.0 0.5
Run4 0067 0.067 0067 0067 —1.0 2.9 8.0 0.5
Run5 0067 0067 0067 0067 —1.0 30  -200 0.1
Run6 0067 0.067 0067 0067 —1.0 32 -175 02

(®)

=  Experimental

= Expenmental

0.03 —— Modeled 0.03¢ — Modeled
0.00 - - . ‘ 0.00 . . ‘ .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 03 04 0.5

y/m

y/m

Fig. 5 Transverse variation of depth-averaged streamwise velocity U, for the

symmetrical arrangement of FVIs with wide width (b = 0.6 m) and two water depths of (a) H

=0.43 m, Run 1 and (b) H = 0.48 m, Run 2

0.15

(a)

0.12r
w 0.09}
g
57 0.06

0.03 = Experimental 0.031 = Experimental

el —— Modeled ' —— Modeled
0.00 : ‘ ‘ ‘ 0.0 : : : :
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

v/m
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Fig. 6 Transverse variation of depth-averaged streamwise velocity Us for the
symmetrical arrangement of FVIs with narrow width (b = 0.3 m) and two water depths of (a)

H=0.43m, Run 3 and (b) H = 0.48 m, Run 4

0.15 (a) . . . . 0.15 (b)

[ ]
s Experimental\

0.03 0.03 = Experimental\
Modeled Modeled
000 s s s s s 000 1 1 1 1 1 1 1 1 1
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Fig. 7 Transverse variation of depth-averaged streamwise velocity U; for the
asymmetrical arrangement of FVIs with two water depths of (a) H = 0.43 m, Run 5 and (b) H
=0.48 m, Run 6

Error statistics, including the calculation of average absolute error g and average

relative error g_r are carried out to compare the model results with the measured data, as

shown in Table 3. The absolute error is expressed as

£, =WU,) U, (30)

computed measured °

where subscripts “computed” and “measured” represent computed and measured values of Uy,

respectively. The average absolute error based on Eq. (30) is calculated as

— 1 &

g, =— Y abs(e,), (31)
N5

where N represents the number of measuring perpendiculars in the cross section for each case.
The relative error ¢, based on Eq. (30) is expressed as

e )8a (32)

measured

and the average relative error ¢, is expressed as

_ N
&, = %Z abs(&,,)]1x100%. (33)
i=1
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Table 3 presents that the prediction results of Uy are reliable, the average absolute
errors are within 0.004 m/s, and the peak of the maximum average absolute error Z of Run
5 case is at 0.0031 m/s. Average relative errors vary from 1.99% to 4.74%. The prediction
result of the Run 2 case is the most accurate among all the cases, with minimum values of g_a

and g_r equal to 0.0022 m/s and 2.30%, respectively. The model can appropriately predict the

depth-averaged streamwise velocity according to error statistics.

Table 3

Error statistics of depth-averaged streamwise velocities for all cases

Cases Runl Run2 Run3 Run4 Run5 Run 6

Average absolute error (m/s) = 00025 0.0022 0.0016 0.0016 0.0031  0.0022

Average relative error (%) 310 230 212 199 474 3.14

r

Sensitive analyses of secondary flow coefficients of symmetrical and asymmetrical

cases at a water depth of H = 0.43 m are performed to determine their influence on the
transverse variation of Uy and signs of K , as shown in Fig. 8. Three conditions are

considered for each case in this study. Z =K,=K,=K, =0,

K, =1%,K,=1%,K, =1%,K, =1%, and K, =—-1%,K,=1%,K,=1%,K,=1% are
adopted for the symmetrical case. Z =K,=K,=K, =0,
K, =—-2%,K, =—2%, K, =-20%, K, =—0.2%, and K, =—2%, K, =—2%, K, = 20%, K, =—0.2%
are applied for the asymmetrical case. Other coefficients not mentioned in this section remain
stable, as shown in the aforementioned sections. Fig. 8 shows that errors of both cases
between the analysis and experimental results are large when the secondary flow is ignored.
Hence, the secondary flow must be considered. The results obtained are inaccurate compared

with the analysis results, which are relatively close to numerical values adopted in this study,

when the sign of only one coefficient is changed and the sign and size of the three other
coefficients remain unchanged (signs of Z and E are changed in this study for
symmetrical and asymmetrical cases, respectively). The results obtained are satisfactory only

when signs of second flow coefficients K remain stable with those presented in Table 2.

Hence, secondary flow coefficient symbols used in this study are appropriate.
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Fig. 8 Influence of the secondary flow on the transverse variation of U, for

symmetrical and asymmetrical cases at a water depth of H = 0.43m: (a) Run 1 (b) Run 5
Conclusions

The lateral distribution of depth-averaged streamwise velocity for the steady uniform
flow in the open channel with symmetrical and asymmetrical arrangements of FVIs based on
the N-S equation is explored in this study. The canopy drag force is added to the N-S
equation as the additional resistance term, and the governing equation is solved with suitable
boundary conditions. The cross section is divided into four calculation regions according to
flow characteristics and the model layout. Calculation methods of six necessary parameters

utilized in each region, namely, lateral eddy viscosity coefficient A, friction coefficient fy,
porosity o, shape factor f, drag coefficient Cy, and secondary flow coefficient K , are

discussed in detail. The secondary flow coefficient K plays an important role in the
prediction of the lateral distribution of depth-averaged streamwise velocity. If the effect of
the secondary flow is neglected, then predicting depth-averaged velocities of the open-
channel flow with FVIs is difficult. Analytical solutions of the lateral distribution of depth-
averaged velocities are presented for symmetrical and asymmetrical cases. The consistency
between the calculated results of the theoretical solution and experimental data indicated that
the model can effectively predict the lateral distribution of the depth-averaged streamwise

velocity in the open-channel flow with FVIs.

Although some theoretical results have been obtained using the proposed analytical
model, the universality of these theoretical results requires further investigations. Meanwhile,
limitations exist in the proposed analytical model (i.e., Eqgs. (12)—(15)). The analytical model

is unsuitable and infeasible when the flow state fails to satisfy the steady uniform flow
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condition. Moreover, model parameters need to be modified under different experimental

conditions and additional work is needed to provide detailed references.

Nomenclature

The following symbols are used in this study:

A1-As
Ay

Aa
b
B

Co

Ca
D

T

3 X

S

u,v,w’

Integration constants in Egs. (12)—(15)

Projected area of canopy per unit volume in the longitudinal direction
(m™)

Area of the entire cross section (m?)

Width of floating vegetated islands (m)

Flume width (m)

Bed friction coefficient (-)

Drag force coefficient (-)

Canopy diameter (m)

Darcy—Weisbach comprehensive friction factor (-)
Drag force, as defined by Eq. (2) (N/m?)
Gravitational acceleration (m/s?)

Height of the root canopy (m)

Height of the gap region (m)

Flow depth (m)

Secondary flow coefficient (-)

Number of columns per bed area (m™2)

Manning’s roughness coefficient (-)

Scale parameter between U, and Uq (-)
Scale parameter between U J. and U d, )

Flow rate (m%/s)

Hydraulic radius (m)

Channel bed slope (-)

Fluctuating velocities in x, y, and z directions (m/s)
Depth-averaged streamwise velocity (m/s)

Depth-averaged streamwise velocity in the canopy region (m/s)

Depth-averaged streamwise velocity in the gap region (m/s)
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Figures

(a) Asymmetrical arrangement case (b) Symmetrical arrangement case

Figure 1

Global view of the channel with different FVI arrangements
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Diagrams of the FVI layout in the laboratory flume: (a) Top view of the asymmetrical arrangement case;
(b) Cross-section profile of the asymmetrical arrangement case; (c) Top view of the symmetrical
arrangement case; (d) Cross-section profile of the symmetrical arrangement case with the canopy height
hc, gap height hg, and water depth H
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Transverse distribution of depth-averaged streamwise velocity in the channel with the asymmetrical

arrangement of FVIs
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(a) Asymmetrical arrangement case (b) Symmetrical arrangement case

Figure 4

Diagrams of the two arrangement cases
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Transverse variation of depth-averaged streamwise velocity Ud for the symmetrical arrangement of FVIs
with wide width (b = 0.6 m) and two water depths of (a) H=0.43 m, Run 1 and (b) H = 0.48 m, Run 2

(a)

Experimental

—— Modeled

Figure 6

0.1

0.2

y/m

0.3

04

0.5

0.15

(b)

404 | = Experimental
' Modeled
0.00 ' - , :
0.0 0.1 0.2 0.3 0.4 055
y/m

Transverse variation of depth-averaged streamwise velocity Ud for the symmetrical arrangement of FVIs
with narrow width (b = 0.3 m) and two water depths of (a) H=0.43 m, Run 3 and (b) H=0.48 m, Run 4
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Transverse variation of depth-averaged streamwise velocity Ud for the asymmetrical arrangement of FVIs

with two water depths of (a) H=0.43 m, Run 5 and (b) H=0.48 m, Run 6
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Figure 8

Influence of the secondary flow on the transverse variation of Ud for symmetrical and asymmetrical

cases at a water depth of H=0.43m: (a) Run 1 (b) Run 5




