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Abstract 
 
The effects of vegetation on the flow structure are investigated in this paper. In previous studies of modelling 
vegetated flows, two-equation turbulence models, such as the k   model, were often used. However, this 
approach involves a level of uncertainty since the empirical coefficients in these two equations have not yet 
been satisfactorily obtained for such flow conditions. In addition to this, two extra partial differential equa-
tions needing which will result in an increase in the computational cost. The main purpose of the study was 
therefore to try and acquire accurate velocity profiles without the more advanced two-equation turbulence 
models. A three-dimensional model using a simple two layer mixing length model was therefore used. The 
governing hydrodynamic equations were refined to include the effects of drag force induced by vegetation on 
the flow structure. The model was applied to an experiment flume to study the flow field with vegetations, 
where experiment data are available. Distributions predicted by the model were compared with laboratory 
measured ones, with very good agreements being obtained. The results showed that the simple mixing length 
model could produce accurate complex velocity profile predictions requiring fewer coefficient data and less 
computation.  
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1. Introduction 
 
Vegetation has become central to river and coastal resto-
ration schemes, the creation of flood retention space and 
coastal protection project [1]. The existence of vegeta-
tion within the watercourse tends to increase the hydrau-
lic resistance by dragging and turbulence [2]. The mixing 
induced by the turbulence will have significant effect on 
the pollutant and sediment transport processes in the wa-
ter. [3] The structure of vegetated open channel flows is 
three-dimensional and highly complicated. Wilson and 
Shaw [4] proposed the modified k   turbulence mo- 
del, which was based on the assumption that the drag 
force produces additional turbulent energy in the flow 
and increases the dissipation rate. However, this method 
introduced two weighting coefficients, which need to be 
calibrated for each study. For practical projects such 
calibration is not desirable [1,5,6]. Fischer-Antze et al. [7] 
used the standard k   model to predict both sub-

merged and emergent vegetation flows, with satisfactory 
results being obtained. However, considerable computa-
tional efforts were required for a 3-D model simulation, 
particularly due to the needs to solve two extra partial 
differential equations.  

The main purpose of the study presented in this paper 
was therefore to try and acquire accurate three-dimen- 
sional velocity profiles without the need for more ad-
vanced two-equation turbulence models. A simple two 
layer mixing length model was refined to take into ac-
count the effects of drag force induced by vegetation on 
the flow structure, with the refinement being included in 
a three-dimensional hydrodynamic model. Vegetated 
open-channel flows have been classified into three types, 
depending upon the relative height of vegetation  ph  
to the total water depth  H , namely terrestrial canopy 
flows  0ph H  , flows with submerged vegetation 
 0 ph H 1   and flows with emergent vegetation 
[8-10]. The terrestrial canopy flows are similar to the 
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flows over very rough beds, so this kind of flows can be 
treated by introducing additional flow resistance. There-
fore, the terrestrial canopy flows are not considered in 
this study. The concentration is focused on the sub-
merged and emergent vegetated flows. 
 
2. Numerical Model 
 
To model the effects of the vegetation on flow structure, 
the three-dimensional layer integrated numerical model 
was refined to include the drag force induced by the 
vegetation on the flow structure. The model solves the 
Reynolds averaged Navier-Stokes equations under the 
hydrostatic pressure assumption, which is written as: 
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where t = time, x, y and z = Cartesian co-ordinates in the 
horizontal (x, y) and vertical (z) directions; u, v, w = 
components of velocity in the x, y, and z direction, re-
spectively; P = pressure,   = density of water; f  = 
Coriolis parameter; g = gravidity acceleration; ,x yF F  = 
vegetation induced drag force in the x, y directions re-
spectively, which is included as sink terms in the mo-
mentum equation.  

The drag force induced for per unit height of a rigid 
rod per unit area can be expressed as: 
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where d  drag coefficient, which is typically 1.2 for 
a circular cylinder;  diameter of the respective 
vegetation stem; 

C 
D 

v   vegetation density. 
Many researches [7] have used the k   turbulence 

closure to simulate the effect of vegetation on the flow 
structure, with reasonable agreement being obtained be-
tween experiment data and model predictions. In order to 
acquire accurate velocity profiles without the need for 

more advanced two-equation turbulence models, which 
requires values for many unknown coefficients, a simple 
two layer mixing length model was therefore refined and 
included in the three-dimensional model. The vertical 
eddy viscosity was represented using a two layer mixing 
length model as proposed by Rodi [11]: 
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where l is the mixing length, defined as : 
l kz  for 0.1kz H  

0.1l H  for  0.1kz H
and k is von Karman’s constant. 

Equations (1)-(4) were solved using the finite differ-
ence scheme on a rectangular mesh in horizontal, and a 
layer integrated finite difference scheme on a irregular 
mesh in the vertical [12]. Figure 1 shows the locations of 
the key variables defined for the three-dimensional finite 
difference mesh in the vertical plane. The layer inte-
grated governing equations are solved using a combined 
explicit and implicit scheme. The vertical diffusion terms 
were treated implicitly, whilst the remaining terms were 
treated explicitly.  

For the first half time step the depth integrated equa-
tions are solved to obtain the water elevation field across 
the domain. The layer integrated equations in the x direc-
tion are solved using the water elevation obtained from 
solving the depth integrated equations. Lin and Falconer 
[12] expressed the momentum equation in the x direction 
as follows: 
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where xo  represents the terms treated explicitly. The 
following is the finite difference representation for equa-
tion: 
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Figure 1. Vertical grid system. 
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Re-arranging Equation (8) gives: 
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 velocity component in x direction at  

th  layer. Equation (10) can be expressed in a matrix 
form for the different layers, where  for the sur-

face and 

k
1k 

maxk k  for the bottom layer: 
Thomas algorithm has been used to solve this tri-di- 

agonal matrix to obtain the velocity in the x direction. 
Once the water elevations and velocity component in the 
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x direction have been solved, then the vertical velocity 
can be determined for each layer across the computa-

tional domain using the continuity equation. 
w

 
3. Laboratory Experiment Study 
 
The experiment study of vegetated open channel was 
conducted by Dorcheh [13]. Three sets of experimental 
data, including: no-vegetation, submerged vegetation and 
emergent vegetation tests were chosen from data col-
lected in a wide rectangular open channel flume. The 
flume had a width of 1200 mm and a maximum depth of 
300 mm. For the vegetated flow conditions, both emer-
gent and submerged vegetation tests were considered for 
three vegetation densities, namely: low density, medium 
density and high density. In this study only the low den-
sity vegetation data were used to test the numerical 
model. 

In these experiments rigid wood rods were used to 
represent the vegetation. The rods used in Dorcheh [13] 
were 24 mm in diameter and 180 mm in length for the 
submerged conditions and 300 mm in length for the 
emergent conditions. The flow rate was kept a constant 
for all of these experiments and velocity measurements 
were taken at two cross-sections. The cross-sections 
were located at the mid-length along the flume, i.e. at 4.4 
m, and near the end of the channel, i.e. at 1.4 m from the 
outlet. In the vertical direction measurements were taken 
at 50 mm from the channel bed and at 50mm intervals 
towards the water surface, i.e. at 50, 100, 150, 200, 250 
and 275 mm. Figure 2 shows the layout of the cross- 
sections and the measuring points for different experi-
ment conditions. The distance between the rods in the 
flow direction was uniform at 0.208 m. 
 
4. Model Application 
 
This refined model was used to predict the structure of 
vegetated open channel flow. The model results were 
compared with the measured data obtained from the ex-
periments mentioned above. The model was used to three 
open channel cases: no-vegetation, submerged vegetation 
and emergent vegetation flows. 
 
4.1. Non-Vegetated Open Channel Flow 
 
Numerical simulations for the case without vegetation 
were carried out first. The predicted velocity distribu-
tions along the vertical direction were compared with the 
measured data at the 1.4 m and 4.4 m cross-sections. The 
measurement locations are shown in Figure 2 and the 
comparisons of the results are shown in Figure 3. It can 
be seen that good agreement has been obtained between 
the measured and computed results. 
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Figure 2. Layout of cross-section and measuring points for 
(a) no vegetation, (b) submerged vegetation and (c) emer-
gent vegetation. 
 
4.2. Submerged Vegetation Open Channel Flow 
 
The numerical model was then set up to study the sub-
merged vegetation case. Model predicted velocity distri-
butions in the vertical direction were compared with the 
measured data at the 1.4 m and 4.4 m cross-section, re-
spectively, and along the central line of the flume. The 
comparisons are shown in Figure 4. Again good agree-
ment has been obtained between the measured and pre-
dicted velocity distributions. It can be seen from Figure 
4 that the existence of vegetation causes a decrease in the 
magnitude of the velocities (or total flow component) in 
the vegetation layer, whereas the flow velocity or flow 
increases in the non-vegetated layer. The reason for that 
is the vegetation resistance produce a velocity defect at 
the vegetated region and the continuity requirement re-
directs the flow to the region above the vegetation [3]. The 
sharp velocity gradient at the top of the vegetated layer  
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Figure 3. Velocity profile comparisons at 1.4 m and 4.4 m 
cross-sections for non-vegetated flows. 
 

 
 

 

Figure 4. Velocity profile comparisons at 1.4 m and 4.4 m 
cross-sections for submerged vegetation flow. 

 
will generate strong turbulence. The velocity profile can 
be divided in to three layers: low vegetated layer, up-
per-non-vegetated layer and transition layer. From Fig-
ure 4 it can be seen that the sharp velocity gradient were 
formed at near the bottom of the vegetation and near the 
top of the vegetation. The sharp gradient near the bed 
was formed due to the effect of the bed friction and the 
sharp gradient near the top of vegetation due to the drag 
force exerted by vegetation, which will form a shear 
layer. 

4.3. Emergent Vegetation Open Channel Flow 
 
Figure 5 shows comparisons of the model predicted 
vertical velocity distributions against experiment data 
for flow through emergent vegetation. Again it can be 
seen that the results are encouraging, particularly for 
the relatively simple mixing length model used. The 
velocity distributions over an emergent vegetation layer 
are nearly uniform, but close to the bed the velocity 
increases rapidly form the zero. It shows that the veloc-
ity near the bottom is control by both the bed roughness 
and the vegetation drag, the uniformity show that the 
velocity distribution affect mainly by the vegetation 
drag force. 
 
5. Conclusions 
 
Details are given of the refinement of an existing 
three-dimensional model to include the drag force intro-
duced by vegetation in the momentum equation. A sim-
ple two layer mixing length turbulence closer is used in 
this model. The model was applied to a physical model 
channel, to investigate the effects of vegetation on the 
flow structure. Model predicted velocity distributions 
were compared with laboratory data measured, with very 
good agreements being obtained for all three sets of ex-
periments. The results showed that the simple two layer 
mixing length model could produce accurate complex 
velocity profile predictions, with the advantage of re-
quiring less calibration coefficients than some of the 
commonly used higher order models. 
 

 
 

 

Figure 5. Velocity profile comparisons at 1.4 m and 4.4 m 
cross-sections for emergent vegetation flow. 
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