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Abstract：Aquatic vegetation can significantly affect flow structure, sediment transport, bed 11 

scour and water quality in rivers, lakes, reservoirs and open channels. In this study, the lattice 12 

Boltzmann method is applied for performing the two dimensional numerical simulation of the 13 

flow structure in a flume with rigid vegetation. A multi-relaxation time model is applied to 14 

improve the stability of the numerical scheme for flow with high Reynolds number. The 15 

vegetation induced drag force is added in lattice Boltzmann equation model with the algorithm 16 

of multi-relaxation time in order to improve the simulation accuracy,. Numerical simulations 17 

are performed for a wide range of flow and vegetation conditions and are validated by 18 

comparing with the laboratory experiments. Analysis of the simulated and experimentally 19 

measured flow field shows that the numerical simulation can satisfactorily reproduce the 20 

laboratory experiments, indicating that the proposed lattice Boltzmann model has high 21 

accuracy for simulating flow-vegetation interaction in open channel.  22 
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drag force; open channel flow 24 

 25 

1. Introduction 26 

Aquatic vegetation is one of the important components in water flow system in natural rivers, 27 
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lakes, reservoirs and open channels. Aquatic vegetation can significantly affect not only the 28 

flow structure, but also the sediment transport, bed deformation, navigation, stability of banks 29 

and flood control equipment
 [1,2]

. Due to the practical environmental and engineering 30 

importance, extensive studies have been carried out to investigate the flow-vegetation 31 

interaction and its effect on flow system by using the laboratory experiments, numerical 32 

simulation and occasionally the field observations 
[3-7]

. In general, comparing with the 33 

numerical simulation and laboratory experiments, it is more difficult to conduct field 34 

measurement due to the limitation of appropriate instrumentations, field conditions and large 35 

cost. In past decades, laboratory experiment is one of the main tools to investigate the 36 

flow-vegetation interaction. Nepf 
[3]

 provided excellent results on flow structures of flow 37 

through emergent vegetation. The drag force induced by vegetation was investigated. Carollo 38 

et al 
[4]

 measured the local flow velocities for different vegetation densities, flow discharges, 39 

and flume bed slopes using two-dimensional (2D) acoustic Doppler velocimeter (ADV). Based 40 

on their experiment measurements and the Π-theorem analysis, Carollo et al 
[5]

 proposed an 41 

equation to estimate the flow resistance in vegetated open channel. Liu et al. 
6
 and Shan et al. 

7
 42 

analyzed the flow direction along meandering compound channel. Wilson et al 
[8]

 investigated 43 

the flow structure in open channel flow for various submerged flexible vegetation. Järvelä 
[9]

 44 

investigated the impact of the submerged flexible vegetation on the flow structure and flow 45 

resistance using flume experiment. Folkard 
[10]

 conducted laboratory experiment to investigate 46 

the flow within gaps in canopies of flexible, submerged aquatic vegetation. Ricardo et al 
[11] 47 

calculated the time and space averaged flow variables in a flume with non-uniform emergent 48 

vegetation from instantaneous velocity maps measured by using the particle image velocimeter 49 

(PIV). Liu et al.
[12]

 investigated the flow features in meandering compound channel with grass 50 

on the floodplain. The effect of vegetation on sediment transport and deposition was examined 51 

by Liu and Nepf
 [12]

. More laboratory experimental studies of flow vegetation interaction can 52 

be found in the recent excellent review of Nepf 
[14,15]

. 53 

With the rapid development of computer technology and computational fluid dynamics 54 

techniques, various numerical models have been developed to simulate the flow characteristics 55 

in rivers and open channels. Wilson et al 
[16]

 studied the hydraulic impact of willow stands on 56 
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the velocity distribution using a three-dimensional (3D) standard k-ε turbulence model. Guo et 57 

al 
[17] 

investigated the effect of the bed roughness on the flow structure in open channel using a 58 

2D numerical model. Jing et al 
[18,19,20]

 applied a 2D flow turbulence model to investigate the 59 

characteristics of the water flow in meandering compound channels. Coupled with the 60 

sediment transport model, they simulated the hydrodynamics and sediment transport in the 61 

upper meandering reach of the Yellow River 
[21]

. Huai et al. 
[22]

 applied layer approach to 62 

simulate the flow velocity field in vegetated open channel flows by considering the effect of 63 

bed roughness. Huai et al 
[23]

 presented results from large eddy simulation (LES) of open 64 

channel flows with non-submerged vegetation. The effect of turbulent structure on the 65 

momentum transfer across the outer line of emergent vegetation patch is evaluated by Huai et 66 

al 
[24]

. Marsooli and Wu
[ 25]

 examined the wave attenuation by vegetation using a 3D 67 

Reynolds-averaged Navier–Stokes equations (RANS) model. Kim et al 
[26]

 computed the flow 68 

and bed morphdynamics through rigid, emergent cylinders by employing a 3D LES approach.  69 

Though these studies have demonstrated many flow features in a vegetated open channel or 70 

river flow, the complicated boundary condition of flow in vegetated rivers or open channels 71 

still poses challenges and makes it difficult for accurate simulation on the macro level. The 72 

lattice Boltzmann method (LBM), a mesoscopic method has great advantage to treat complex 73 

boundary condition and is suitable for describing the internal interactions among fluid particles 74 

and those between the fluid and external environment 
[27,28]

. As a result, LBM has been used to 75 

simulate various complicated flow phenomenon, such as multiphase flows, flows in porous 76 

media, quasi Newtonian fluid and chemical reaction flow 
[29-31]

.  77 

In recent years, LBM has been applied to simulate open channel flow with vegetation. 78 

Jimenez-Hornero et al developed a two-dimensional lattice model to describe the influence of 79 

vegetation on the turbulent flow structure in an open channe
l32]

. Yang et al developed a 80 

two-dimensional lattice Boltzmann model with a D2Q9 lattice arrangement to simulate the 81 

flow-vegetation interactions in an open channel 
[33]

. Buxon studied the fluid dynamics of acid 82 

mine drainage flow using a lattice Boltzmann model with a D2Q9 lattice arrangement
[34]

.  83 

In this study, the LBM is applied to simulate the flow structure in a laboratory flume with rigid 84 

vegetation for a range of flow conditions and vegetation arrangements. The multi-relaxation 85 
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time lattice Boltzmann equation (MRT-LBE) model is proposed with the specific numerical 86 

algorithm to treat the instability of the single-relaxation time (SRT) model for flows with large 87 

Reynolds number. To improve the simulation accuracy, the drag force induced by vegetation is 88 

considered in the model to take into account of the effect of vegetation on the flow field. 89 

Accompanied laboratory experiments have been carried out in a flume with vegetation to 90 

validate the numerical simulation. Three-dimensional laser Doppler velocimeter (3D LDV) is 91 

used to measure the flow velocity field. 92 

 93 

2. Mathematical model and numerical algorithm 94 

The Boltzmann equation that describes the spatial and temporal distribution of particle 95 

velocities is a very complex integral differential equation, which is difficult to obtain its 96 

analytic solutions 
[35,36]

 and has to be solved numerically. The LBM is the spatial, temporal, 97 

and velocity space discretized formation for Boltzmann equation, and consists of three 98 

components: the evolution equation of distribution function, the discrete velocity model and 99 

the equilibrium distribution function. In addition, the boundary conditions have to be specified 100 

to solve the equations.  101 

 102 

2.1 The evolution equation of distribution function 103 

The evolution equation of particle distribution function is the lattice Boltzmann equation (LBE) 104 

and can be written as 
[36]

: 105 

( , ) ( , ) ( ), 0,1,2, , 1i i if t t t f t f i b      
i

x c x              (1) 106 

where ( , )if tx =the i
th
 particle distribution function, b = the number of discrete velocities, i

c = 107 

the i
th

 particle velocity, t =the time step, ( )i f =the collision operator, which reflects the 108 

variation of the distribution function caused by collision.  109 

It is difficult to solve the LBE due to the complexity of the collision term. To overcome this 110 

difficulty, Bhatnagar, Gross, and Krook simplified the equation and proposed the following 111 

lattice BGK equation (LBGK) 
[37,38]

: 112 

 
1

( , ) ( , ) ( , ) ( ,eq

i i i if t t t f t f t f t


     
i

x c x x x             （2） 113 

where  = the relaxation time, and ( , )eq

if tx = the local equilibrium distribution function. In 
114 

SRT model, the following equilibrium distribution function is adopted[39]: 
115 
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2

2 4 2

( )
( , ) [1 ]

2 2

eq

i i

s s s

f t w
c c c


  

   i ic u c u u u
x  （3） 116 

where wi = weight coefficient, ρ =the fluid density, u = the macro fluid velocity, cs =the grid 
117 

sound speed. 
118 

 119 

The discrete velocity model 120 

Among the LBGK models，the widely used one is DnQb models developed by Qian, et al.  
121 

[39], where n is the space dimension, and b is the number of discrete velocities. In this study, 
122 

D2Q9 model is used, where the discrete velocity vectors are organized as following matrix:  
123 

0 1 8

0 1 0 1 0 1 1 1 1
[ , , , ]

0 0 1 0 1 1 1 1 1
c c c c

   
   

   
c              （4） 124 

in which /c x t   , x =the spatial step. 
125 

 126 

In the model, the grid sound speed and the weight factors for corresponding distribution 127 

functions are taken as follows:  128 

3
s

c
c  ，

0

4

9
w  ，

1 4

1

9
w   ， 5 8

1

36
w   . 129 

The discrete velocities and their weight factors in the D2Q9 model are shown in Fig.1. 130 

 131 

Fig. 1. The discrete velocities and their weight factors in the D2Q9 model 132 

 133 

2.2 The MRT-LBE model 134 

In the LBGK model, the collision operator is linearized and the computational process of LBE 135 

has been simplified. However, the application of the LBGK model is limited because of only 136 

single relaxation time is used. d’Humeriers proposed a generalized LBE (GLBE) model, which 137 

is named as multiple-relaxation-time lattice Boltzmann equation (MRT-LBE) model 
[35,40]

: 138 
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1

0

( , ) ( , ) [ ( , ) ( , )],   0,1, , 1
b

eq

i i ij j j

j

f t t t f t f t f t i b




         ix c x x x    （5） 139 

where ij is the element of matrix  , and  
bbij 

 is named as collision matrix.  140 

The collision step of the MRT-LBE in the velocity space is difficult to perform, and needs to 
141 

be transformed. Let S be a diagonal matrix and the relationship between S and Λ be as 
142 

following: 
143 

1

0 1 1( , , , )bdiag s s s

 S MΛM ,                  （6） 144 

in which M is called the transformation matrix. Equation (5) can then be rewritten in vector 145 

form as following： 146 

( , ) ( , ) [ ( , ) ( , )]eq

i t t t t t t      f x c f x Λ f x f x                （7） 147 

where 
0 1 1( ( , ), ( , ), , ( , ))T

bf x t f x t f x tf . 148 

Define p as:  149 

0 1 1[ , , , ]T

bp p p  p Mf ,                （8） 150 

The following equation can be obtained by pre-multiplying matrix M to the both sides of (7): 151 

( , ) ( , ) [ ( , ) ( , )]eq

i t t t t t t      p x c p x S p x p x               （9） 152 

Therefore, the component-wise of (9) can be written as: 
153 

     ( , ) ( , ) [ ( , ) ( , ) ] ,   0 , 1 , , 1eq

i i i i ip t t t p t s p t p t i b        
i

x c x x x   （10） 154 

As such, p can be calculated with the similar steps of the LBGK model, and f can then be 
155 

calculated by the following transformation: 
156 

   
1f M p                              （11） 157 

For the convenience of numerical simulation, pre-multiplying (9) with M
-1

 yields: 158 

1( , ) ( , ) [ ( , ) ( , )]eqt t t t t t      f x c f x M S p x p x             （12） 159 

The above equation can be divided into the collision step and the migration step. The collision 
160 

step can be calculated as: 
161 

          
1( , ) ( , ) [ ( , ) ( , )]eqt t t t  f x f x M S p x p x                    （13） 162 

where ( , )tf x  is distribution functions immediately after the collision,  and the migration 163 

step is:  164 

( , ) ( , )t t t t   f x c f x                         （14） 165 

In the MRT-LBE model, the transformation matrix and the diagonal matrix for D2Q9 are[38]: 
166 
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1    1   1   1    1   1  1   1  1

-4  -1  -1  -1  -1  2   2   2  2

4   -2  -2  -2  -2  1   1   1  1

0   1   0   -1   0   1  -1  -1 1

0  -2   0    2   0  1  -1  -1  1

0   0   1    0  -1  1  1  -1  -1

0   0

M

   -2   0   2   1  1  -1 -1

0   1   -1  1   -1   0  0   0  0

0   0   0   0    0   1  -1  1  -1

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                  （15） 167 

and 
168 

(1,1.4,1.4,1.0,1.2,1.0,1.2,2 / (1 6 ),2 / (1 6 ))Tdiag    S            （16） 169 

where ν =fluid viscosity, and the vector p is defined as: 
170 

( , , , , , , , , )T

x x y y xx xye j q j q p p p                （17） 171 

The equilibrium state vector of p is:  172 

2 2 2 2 2 2 2( , 2 3( ), 3( ) , , , , , , )eq T

x y x y x x y y x y x yj j j j j j j j j j j j          p （18） 173 

in which 174 

,    x x i ix x y y i iy y

i i

j u f c F t j u f c F t          .        （19） 175 

where ( , )T

x yF FF  = the external force. 176 

 177 

2.3 The drag force of vegetation 178 

Drag force induced by  aquatic vegetation has great impact to water flow. Therefore, it is 
179 

important to consider the aquatic vegetation induced drag force in the mathematical model. In 
180 

this study, vegetation-induced drag force is considered in the MRT-LBE model, and based on 
181 

the research result in [41-43], the drag force of the vegetation in the two dimensional MRT- 
182 

LBE model (D2Q9) can be estimated as: 
183 

1 1
,

2 2
D x D ym C DUu m C DUu   

 
  
 

D
F                          （20） 184 

where m =the vegetation numbers per unit area;  = water density;   = the constant related 185 

to the vegetation type, DC  = the drag force coefficient, D  = the vegetation diameter, 186 
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2 2

x yU u u  .   = 1 when the vegetation is regular, and CD = 1 when the Reynolds 187 

number of the vegetation ranges from 1000 to 10000. 188 

Following three methods are usually adopted in the LBGK model to consider the effect of 
189 

external force [35]: the pressure correction in the equilibrium distribution function, the velocity 
190 

correction in the equilibrium distribution, and the extra force term in the evolution equation. 
191 

Among these methods, the second method is relatively easy to implement to and easy to 
192 

generalize in the MRT-LBE model, in which the drag forces are included. Therefore, jx and jy 
193 

in the equilibrium distribution function in (18) are calculated as following: 
194 

1
,    

2
x x i ix D x

i

j u f c m C DUu    
1

  
2

y y i iy D y

i

j u f c m C DUu         （21） 195 

 196 

2.4 Boundary conditions 197 

The laboratory flume is symmetric about the center line of the flume, and the vegetation group 198 

is symmetric about the center line. Therefore, in order to save the simulation time, only the 199 

flow region from the left wall to the center line of the flume is simulated in the numerical 200 

computation. As a result, the symmetric boundary condition is adopted at the center line, as 201 

shown in Fig. 2. 202 

 203 

Fig. 2. The symmetry boundary condition of D2Q9 204 

If the simulated area is from the south wall to the center line, then the unknown distribution 205 

functions ( 4 7,f f  and 8f ) at the center line can be calculated as follows: 206 

4 2 8 5 7 6, , .f f f f f f           (22) 207 

 208 

At the inlet boundary (west), the flow velocity is known, and the following conditions can be 209 

derived 
[38]

: 210 



 

 

 

9 

0 2 4 3 6 7

1
( 2( )),

1
w

w

f f f f f f
u

      


                 （23） 211 

                      
1 3

2
,

3
w wf f u                                  （24） 212 

5 7 2 4

1 1 1
( ) ,

2 6 2
w w w wf f f f u v                        （25） 213 

8 6 2 4

1 1 1
( ) .

2 6 2
w w w wf f f f u v                        （26） 214 

where wu  = the velocity at the inlet, and it is given in a parabolic distribution along the 215 

cross-section: 216 

2

max 2
4w

y y
u u

B B

 
  

 
                       (27) 217 

In which, maxu = the maximum velocity at the inlet; B = the width of the channel; y = the 218 

transverse distance from the left bank of the channel.  219 

 220 

At the outlet boundary (east), the following full development boundary condition is used： 221 

, , 1, 0,...,8.k n k nf f k        (28) 222 

At the solid wall boundary (south boundaries and the vegetation), the bounce back boundary 223 

condition is applied [36], as shown in Fig. 3. For example, at the south wall, the unknown 224 

distribution functions
5 2 6, ,f f f  can be obtained as

5 7 2 4 6 8, ,f f f f f f   , in which 225 

7 4 8, ,f f f  at the node (1,1) can be calculated by migrating the neighbor nodes, i.e. 226 

7 7( ,1) ( 1,2)f i f i  ,
4 4( ,1) ( ,2)f i f i , 

8 8( ,1) ( 1,2)f i f i  . 227 

 228 

Fig. 3. The bound back condition at south wall 229 

 
230 

2.5 The algorithm of MRT-LBE with drag force induced by vegetation 
231 
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It is important to design an algorithm of the MRT-LBE model that can consider the influence 
232 

of the vegetation-induced drag force on the flow structure in order to improve the accuracy of 
233 

the numerical simulation. The algorithm of the MRT-LBE model with drag force induced by 
234 

vegetation can be described as follows. 
235 

Step 1. Mesh generation 
236 

As the computational domain is rectangular, the square grids are used to divide the domain and 
237 

the spatial and computational time steps are set as unit (=1). 
238 

Step 2. Initial conditions 
239 

The initial velocities, density and distribution functions are specified as following: 240 

Velocities at x and y directions (ux and uy) are set as zero at all grids except for inlet grids; the 241 

initial density ( 1  ) is set as 1; the initial distribution function is set as 242 

, 0,1, , 1i if w i b  L , where wi is the weighting factor along the i-th direction. 243 

Step 3.Calculation of ( , )teq
p x  and ( , )tp x  244 

( , )teq
p x  can be calculated according to (18)  and ( , )tp x  is obtained from (8).  

245 

Step 4. Collision step 
246 

The distribution function after collision ( ( , )tf x ) is calculated by (13). 247 

Step 5. Migration step 
248 

The distribution function of the next time step ( ( , )t t t  f x c ) is calculated by (14). 
249 

Step 6. Boundary conditions 
250 

At the inlet, uw and vw are specified, 
w  and unknown distribution functions are calculated 

251 

by (23)-(26). At the outlet, full development boundary condition is used, and the unknown 
252 

distribution functions can be calculated by (28). At the solid wall (solid boundary of the flume 
253 

and the vegetation), bounce back boundary condition is applied. At the center line of the flume, 
254 

the symmetry boundary condition is adopted and the unknown distribution functions can be get 
255 

by (22). 
256 

Step 7. Calculation of macroscopic physical quantities 
257 
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The macroscopic physical quantities can be calculated as follows after distribution functions 
258 

have been obtained: 
259 

1

0

b

i

i

f




 ，
1

0

1 b

x i ix

i

u f c






  ，
1

0

1 b

y i iy

i

u f c






                   (29) 260 

Steps 3 - 7 are repeated until a prescribed time step is reached. 
261 

 262 

3. Description of experiment and numerical simulation  263 

3.1 Description of laboratory experiment 264 

In order to validate the numerically simulated results, physical laboratory experiments have 265 

been carried out using a flume, which is 15m length, 0.49m width and 0.5m depth. The 3D 266 

LDV is used to measure the flow velocity field. Glass rods with three diameters of D=10mm, 267 

8mm and 6mm and the height of 0.5m are used to simulate unsubmerged vegetation in 268 

experiments. Because the flow characteristics of vegetation with different diameters is similar, 269 

only the measured results with rod diameter of 10mm are presented and discussed in this 270 

paper. 271 

Four typical cases are chosen for experiments with different vegetation arrangements, as listed 272 

in Table 1 in which the flow Reynolds number and the vegetation Reynolds number are 273 

calculated as follows: 274 

   R e /w i n i nU R v                               （30） 275 

Re /v inU D v
                               （31） 276 

where ,in inU R  are the averaged flow velocity and hydraulic radius at the flow inlet, 277 

respectively; v  is the water viscosity coefficient. Water flow discharge is kept as 0.054m
3
/s 278 

for all the four cases.  279 

Table 1.  Basic conditions of the four typical cases 280 

Case 
Vegetation’s 

arrangement 

Water 

depth 

/m 

Hydraulic 

radius 

/m 

Inlet 

velocit

y /m/s 

Vegetation 

Number   

Flow 

Reynolds 

number 

Vegetation 

Reynolds 

number 

1 Sparse and staggered 0.206 0.112  0.529 38 59199  5296 

2 Dense and staggered 0.254 0.125  0.430 149 53625  4300 

3 Sparse and parallel 0.189 0.107  0.577 35 61562  5772 

  4   Dense and parallel 0.235   0.120  0.464    143   55656     4642 

 281 
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The first row of glass rods was arranged 8.48m from the inlet of the flume. The row and 282 

column numbers of the rods for dense conditions were 11 and 13, respectively; while for 283 

sparse conditions, they were 5 and 7, respectively. Both the longitudinal and transverse 284 

distances between two neighbor rods were 81.7mm for Cases 1 and 3, and were 40.8mm for 285 

Cases 2 and 4. The length of the vegetation area was 0.49 m for all the four cases. The position 286 

of the glass rods was shown in Fig. 4.  287 

 288 

Fig. 4. Sketch of the rods and measured position 
289 

Several cross sections were chosen as the measurement sections, as shown in Fig. 4. In 
290 

particular, a cross-section between two columns of rods was set as a measurement section to 
291 

investigate the flow structures within the vegetation. In addition, flow structures were 
292 

measured at two cross-sections upstream and downstream of the vegetation area. Along the 
293 

vertical direction, measurements were taken every 10mm from the flume bed to water surface.  
294 

 295 

3.2 Description of the simulated area and mesh generation 296 

It would be expensive and unnecessary to set the whole flume as computational domain. As 297 

one is only interested in the flow characteristics around the vegetation patch, a region of 298 

1.53m×0.49m, covering the vegetation patch, is chosen as the computational domain. The 299 

domain is 8.48m from the inlet of the flume. The vegetation patch is 0.49m long and 0.49m 300 

wide, as shown in Fig. 5. 301 
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 302 

Fig. 5. Sketch of simulated area and vegetation area in the laboratory flume (unit: mm) 303 

 304 

The simulated area is a rectangle with 1.53m long (in the x-direction) and 0.49m wide (in the 305 

y-direction). Because the flume and the flow condition are symmetry along the y-direction, 306 

only a half of the area is used for numerical simulation. So the actual simulated area is 1.53m 307 

long in the x-direction and 0.245m wide in the y-direction.  308 

1200 grids and 192 grids are assigned along the x- and y- directions, respectively. There are 309 

1200×192 = 230400 grid cells for the whole simulated area. Each of the glass rods are 310 

covered by 7.8 grids along both the x- and y- directions, as shown in Fig. 6. 311 

 312 

Fig. 6. The mesh around a typical glass rod 313 

4. Results and discussion 314 

4.1 Evaluation of numerical convergence 315 

To investigate the convergence of the MRT-LBE numerical model, numerical tests have been 316 

carried out with three different grid resolutions for Case 1. These runs have grid numbers of 317 
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N=600×192, 1200×384 and 2400×768, respectively, these grids correspond respectively to 318 

the vegetation spacing of 40.85, 81.7 and 163.4 mm, In order to estimate the convergence, the 319 

numerical error of any run (E) is assumed to be proportional to l
n
, where l is the mesh size, and 320 

n is the order of the convergence
 [44]

. Letting EN and lN denote the numerical error and mesh 321 

size with grid numbers of N, respectively, then 322 

n

NN lE )(  323 

Where   is a constant. It is noticed that 76824003841200192600 42   lll , and as a result, the 324 

following formula can be obtained. 325 

  

n

n

n

nn

nn

nn

nn

ll

ll

ll

ll

EE

EE

2
21

12

)()(

)()2(

)()(

)()(

38412002
1

3841200

38412003841200

76824003841200

3821200192600

76824003841200

3841200192600



































 326 

An averaged value of the left hand side of above formula is 3.3. Therefore, the order of 327 

convergence for the numerical method is about 1.7.  328 

  329 

4.2 Comparison between simulated and measured data 330 

Before simulation using the LBM, it is usually to transform all the physical variables into 331 

non-dimensional form (lattice units)
[38]

. Let ρP，Lp, WP, DP, UP, ReP, νP, FP and ρL，LL, WL, DL, 332 

UL,ReL, νL, FL be the density of water, length of the flume, width of the flume, diameter of the 333 

rods, flow velocity, Reynolds number, fluid kinematic viscosity and drag force of vegetation in 334 

the physical area and the computational domain, respectively, then these variables must satisfy 335 

the following relationships: 336 

P P P

L L L

L W D

L W D
                               (32) 337 

Re ReP P L L
P L

P L

U D U D

 
                    (33) 338 

2 2

P P L P

L L P L

F D

F D

 

 

   
    

   
                     (34) 339 

Equations (32) and (33) indicate that the non-dimensional form of the basic parameters in the 340 
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computational domain are calculated, as shown in Table 2. For the convenience of comparison, 341 

the dimensional basic parameters are also presented.  342 

 343 

Table 2.  Basic parameters in dimensional and non-dimensional forms 344 

Cases 

Dimensional form Non-dimensional form 

Uin 

/m/s 

L 

/m 

W 

/m 

D 

/m 

ν 

m2/s 
Uin L W D ν 

1 0.529 1.53 0.49 0.01 1.31E-06 0.20 1200 384 7.84 0.00039  

2 0.430 1.53 0.49 0.01 1.31E-06 0.16 1200 384 7.84 0.00038  

3 0.577 1.53 0.49 0.01 1.31E-06 0.22 1200 384 7.84 0.00039  

4 0.464 1.53 0.49 0.01 1.31E-06 0.18 1200 384 7.84 0.00040  

In order to investigate the effect of vegetation on flow structure, two simulations have been 345 

performed with one considering the vegetation-induced drag force and another without 346 

considering the drag force generated by vegetation. For convenient comparison, the measured 347 

velocity is converted into non-dimension form as shown in Fig. 7. 348 

 349 

Fig. 7. Comparison between the simulated and measured velocities (a) Case 1；(b) Case 2 350 

Three cross sections (3 lines perpendicular to the banks of the channel) at the middle of two 351 
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adjacent columns of vegetation are chosen for comparison. The distances of these sections 352 

from the inlet are 347, 443 and 539, respectively. 353 

Fig. 7 shows that the simulated flow velocity decreases when the drag force generated by 
354 

vegetation is considered. It is seen that the simulated velocity with vegetation-induced drag 
355 

force agrees well with the laboratory measurements, while there exists some discrepancy 
356 

between the simulation and measurement when the drag force generated by vegetation is 
357 

ignored in the numerical model. This indicates that the numerical simulation accuracy can be 
358 

improved when the vegetation-induced drag force is taken into account.  
359 

Figure 7 also shows that the flow velocity filed is an indented distribution. The flow behind 
360 

glass rods is held back due to the blockage effect caused by them. As a result, the flow velocity 
361 

decreases greatly behind the rods. Meanwhile, the flow velocity between rods increases. A 
362 

little difference is found between the simulated and measured velocities. In general, the 
363 

simulated velocity field is in good agreement with the measured one when the 
364 

vegetation-induced drag force is considered.  
365 

 
366 

4.3 Comparison among numerically simulated results 
367 

Fig. 8 shows the simulated velocity distributions for Cases 1-4. It can be found that the 368 

velocity distributions largely depend on the arrangement of the rods. In the upstream of the 369 

computational domain, i.e. from the inlet to the first column of the vegetation, the flow 370 

velocity shows a parabolic distribution along the transverse direction for all the four cases. In 371 

the vegetation area, i.e. from the first column of rods to the last column of rods, the velocity 372 

distribution is very complicated. Flow velocity becomes smaller near the rods, while it is larger 373 

near the middle of two adjacent rows of rods. When the rods are staggered (Cases 1 and 2), the 374 

main stream lines are not parallel to the channel banks due to the complex blockage effect 375 

generated by staggered rods. However, when the rods are parallel, the main stream lines are 376 

approximately parallel to the channel banks. Moreover, it can be found that the velocity 377 

between two adjacent rod rows is parabolic distribution along the transverse direction. 378 
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 379 

Fig. 8. Comparison of the flow velocity contour among four typical cases (a) Case 1; (b) Case 380 

2; (c) Case 3; (d) Case 4. 381 

In the downstream of the vegetation area, i.e. from the last column of vegetation to the outlet, 382 

when the rods are denser and staggered (Case 2), flow velocity reaches the smallest and the 383 
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most uniform among the four cases. This means that such rod arrangement generates the 384 

largest blockage effect and flow resistance to water flow. Meanwhile, when the rods are sparse 385 

and parallel (Case 3), the flow velocity reaches the largest and the mostly uniform among the 386 

four cases, indicating that the smallest flow resistance is generated by such rod array.  387 

Fig. 9 is the flow velocity field within the vegetation area for all four cases to clearly show the 388 

flow characteristics. It is seen that the flow velocity field is very complex in the vegetation 389 

area, especially when the rods are staggered (Cases 1 and 2). Secondary flow circulation is 390 

seen to form close to rod when water flow passes the rod. In order to show the flow field more 391 

clearly, the flow field around some typical rods in Case 2 is enlarged, as shown by Fig. 10.  392 

 393 

Fig. 9. Flow velocity field in the vegetation area of four cases  (a)  Case 1;  (b) Case 2;  (c)  394 

Case 3;  (d) Case 4 395 
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 396 

Fig. 10. Flow field around some typical rods in Case 2 397 

Fig. 11 shows the flow streamlines for the four cases. It is seen that the oscillation of 398 

streamlines appears when flow passes through the vegetation area. Such streamline oscillation 399 

diminishes and dies out after flow exits the vegetation area. In the vegetation area, the 400 

streamlines are approximately parallel to the channel banks when the rods are parallel, while 401 

the streamlines become very complicated when the rods are staggered. In order to show the 402 

streamline more clearly, the streamline around some typical rods in Case 2 is presented, as 403 

shown in Fig. 12. 404 
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 405 

 (a)  Case 1                     (b) Case 2 406 

 407 

 (c)  Case 3                       (d) Case 4 408 

Fig. 11. Flow streamlines of four typical cases 409 

 410 

Fig. 12.  Flow streamline around some typical rods in Case 2 411 
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Fig. 13 shows the flow field at five typical cross sections for Cases 1-4 to investigate the effect 412 

of different arrangements of vegetation on flow structure. Section 1 locates upstream of the 413 

simulated area (x=118); Sections 2, 3 and 4 locate at the middle of two adjacent columns of 414 

vegetation (x=347, 443 and 539, respectively); and Section 5 locates downstream of the 415 

simulated area (x=910).  416 

 417 

Fig. 13. Comparison of the simulated velocities among four typical cases on four typical 418 

cross-sections: (a) Section 1 (x=118); (b) Section 2 (x=347); (c) Section 3 (x=443); (d) 419 

Section 4(x=539); (e) Section 5 (x=910) 420 

It is well known that the velocity distribution along transverse direction in a channel without 421 

vegetation is usually parabolic. However, in a channel with vegetation, the velocity distribution 422 

is quite different. Fig. 13 (a) shows that the flow velocity distribution at the upstream of the 423 

vegetation patches is parabolic. It is seen from Fig. 13(a) that the averaged velocities of Cases 424 

1 and 3 are larger than those of Cases 2 and 4 on Section 1, indicating that the flow with sparse 425 
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vegetation arrangement encounters small flow resistance than that with denser vegetation 426 

arrangement. 427 

The velocity distributions at Sections 2-4 are indented, as shown in Fig. 13(b), (c) and (d). 428 

Right behind each glass rod, flow velocity is smaller due to the blockage effect induced by 429 

rods. However, the velocity is larger at other area because of the narrowing of the wetted 430 

cross-section area. It can also be found that the averaged velocities of Cases 1 and 3 are larger 431 

than those of Cases 2 and 4, respectively. 432 

The flow on Section 5 is still affected by vegetation-induced drag force. As shown in Fig. 13(e), 
433 

flow velocity at Section 5 is shown as a U-shape distribution for all these cases, indicating that 
434 

the flow velocity is close to uniform distribution along transverse direction after the flow 
435 

passes through the vegetation area. The averaged velocity increase in turn for Case 2, Case 1, 
436 

Case 4 and Case 3.This means that the flow resistance is the strongest when the rods are denser 
437 

and staggered, while the flow resistance reaches the weakest when the rods are sparse and 
438 

parallel. The flow resistance is between the above conditions when the rods are in dense and 
439 

parallel arrangement, or in sparse and staggered arrangement. 
440 

 
441 

4.4 Comparison of drag force in the vegetation area 
442 

Drag force of the vegetation plays an important role in the flow field of vegetation area can be 443 

calculated by (20). Because the drag force distributions of four cases are similar, only the 444 

contour lines of drag force in Cases 1 and 3 are presented, as shown in Fig. 14. It is seen that 445 

the distribution of drag force in the vegetation area is very complicated. Generally speaking, 446 

the drag force near the upstream of vegetation area is larger than that downstream.  447 
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 448 

 (a)  Case 1 449 

 450 

 (b) Case 3 451 

Fig. 14. The contour lines of drag force in the vegetation area (unit: N/m3) 452 

 453 

5. Conclusion 454 

In this study, D2Q9 model in LBM with the numerical algorithm is proposed for numerical 455 

simulation is applied for performing 2D numerical simulation of the flow in an open channel 456 

with unsubmerged rigid vegetation. The MRT-LBE model is applied to improve the stability of 457 
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LBGK model for flow with high Reynolds number. The vegetation-induced drag force is added 458 

in the MRT-LBE model to improve the simulation accuracy.  459 

Based on the analysis of the numerical simulated results, the followings conclusions can be 
460 

obtained: 
461 

(1) Good agreement between the simulated and measured velocity indicates that the MRT-LBE 
462 

model is capable of simulating the water flow in open channels with various arrangements of 
463 

vegetation arrays. 
464 

(2) The flow velocity distribution is parabolic at cross-sections upstream and U-shaped curve 
465 

downstream of the vegetation patch in open channel, indicating that vegetation can greatly 
466 

affect the flow structure downstream to some extent. However, such effect is weaker than that 
467 

within the vegetation area.  
468 

(3) The flow velocity is indented distribution at the cross-sections within the vegetation area 
469 

due to the vegetation-induced drag force. Generally speaking, due to the blockage effect, flow 
470 

velocity behind a glass rod is relatively small, while the flow velocity between two adjacent 
471 

rows is relatively large because of the contraction effect.  
472 

(4) The flow velocity within the vegetation area is larger for sparse arrangements of vegetation 
473 

than for denser arrangements of vegetation. This is because that the denser vegetation will 
474 

generate larger flow resistance than the sparse vegetation for otherwise identical conditions.  
475 

(5) Generally speaking, drag force near the upstream of vegetation area is larger than that 
476 

generated downstream. 
477 

(6) The numerical convergence is evaluated for the MRT-LBE model. The order of the 
478 

numerical convergence is found to be about 1.7. 
479 
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