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Abstract. According to the demand of large-scale simulation, a numerical 
simulation model for vegetated flows was developed based on two-dimensional 

unsteady flow equations. According to the experimental flume results, the influence 

of aquatic plants on water flow was investigated. The vertical distribution 
characteristics of the drag coefficient induced by flexible vegetation at different 

positions of vegetation patches were obtained. The drag coefficients obtained from 

the experiments were substituted into the model to verify the model's reliability and 
explore the flow characteristics of open channels with vegetation patches. The 

results show that: 1) the simulation results of the model are in good agreement with 

the measured data, which can well simulate the water flow process under the 
influence of vegetation patches, especially for the far areas with weak three-

dimensional effect; 2) The water-blocking effect of the vegetation patch reduces the 

flow velocity inside the patch and increases the flow velocity in the non-vegetated 
area on the side, forming a longitudinal shear effect at the edge. The proposed model 

can support the dynamic analysis of vegetation in rivers, lakes, and estuarine 

wetland systems. 
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1. Introduction 

Aquatic plant is one of the essential components of the river and lake aquatic ecosystem. 

Most aquatic plants grow together in communities, forming vegetation zones. The 

vegetation belt formed by aquatic vegetation has a direct impact on the flow movement 

of rivers and lakes. Moreover, the changes in the movement structure and turbulence 

intensity of water flow also affect the circulation of material and energy in the water 

body. For example, the transport and settlement of sediment or nutrients and the 

exchange of materials at the water-soil interface can all be influenced [1–3]. The 

restoration of aquatic ecosystems is mainly based on the revival of aquatic vegetation. 

Although this method is widely used, the mechanism of ecological and environmental 
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effects of aquatic vegetation still needs to be further investigated. The impact of aquatic 

vegetation on water flow is the basis for revealing its ecological and environmental 

effects [4]. 

A large number of flume experiments and field observations have been carried out, 

which provided important data for understanding the impact of vegetation on water flow, 

sediment, and water quality [5,6]. To better assess and predict the influence of aquatic 

plants on water flow in the natural environment, the numerical simulation of water flow 

with vegetation has attracted wide attention. The researches of numerical simulation 

include the development of the numerical simulation method, revealing the process 

mechanism of vegetation affecting water flow, and explaining the effects of the plant on 

the water ecological environment, etc. [7–11]. The 3-D numerical method based on the 

turbulence model is the primary method for the numerical simulation of flow in open 

channels with vegetation. However, the two-dimensional model can satisfy the 

requirements of engineering planning design and its influence study because of its 

simplicity and practicability. Therefore, the two-dimensional model has been widely 

used in large-scale calculation and analysis of rivers, lakes, estuaries and wetlands. Due 

to the differences of plant morphology and characteristics, the magnitude of the influence 

of various vegetation on water flow movement is significantly different. 

Potamogeton Malaianus is a widely distributed species in the rivers and lakes of 

China [12]. In this paper, based on the flume experiment results of flexible vegetation 

Potamogeton Malaianus, the additional resistance coefficient of vegetation is obtained. 

A numerical flow model of wetlands with flexible vegetation was established on the basis 

of the two-dimensional unsteady flow equations, which provides a scientific tool for 

understanding the influence of vegetation patches on water flow and dynamic analysis 

of large-scale river, lake and estuary wetland systems. 

2. Materials and Methods 

2.1. Numerical Models 

� Governing equations 

The flow state of the water body can be expressed by using the depth-averaged continuity 

and motion equations: 
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Where � is time; 	 and � represent the directions in the Cartesian coordinates; � is the 

vector of the state variables; � and 
 are the flux vectors along the 	 and � directions, 

respectively;  is the vector of the source term. The terms �,��� , 
, and  have the 

following expressions: 

 � � ��� ��� ���� (2) 

 � � ���� ��� � �
���

�� ����� (3) 

C. Chen et al. / A Two-Dimensional Numerical Model for Surface Flows 421



 

 
 � ���� ���� ��� � �
���

��� (4) 

  � ��� ������ � ���� � � !"��� �����# � ��#� � � !"�#�� (5) 

where � is the water depth; � and � are the depth-averaged velocity along the 	 and � 

directions, respectively; $ is the symbol of transpose; � is the gravitational acceleration. 

��� (���) and ��# (��#) are the bottom (drag) slope terms along the 	 and � directions, 

respectively. � !"�� and � !"�# are the additional resistance forces from the vegetables 

along the 	 and � directions and have the following expressions: 
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where %&  is the drag coefficient of the vegetables; '  is the vegetable density. %&  is 

calculated as follows: 

 %& �
���) � *��+�,*-�

'�-���  (8) 

Where ) is the hydraulic gradient; ��+� is the Reynolds stress; - is the vertical direction 

in the Cartesian coordinates; *- is the vertical distance; '�-� is the vegetable density at 

- location.  

� Numerical solution 

In this study, the unstructured grid finite volume method is used to solve the two-

dimensional unsteady flow equation [13]. The HLLC (Harten-Lax-van Leer-contact) 

scheme with high spatial resolution was used to approximate the interface flux. The 

equation (1) is integrated on any given control volume element, and the Gauss Green 

formula is used to convert the area integral into a line integral. The original two-

dimensional normal flux solution problem is then converted into solving the Riemann 

problem in a one-dimensional local coordinate system by using the rotational invariance 

of the convection flux of the control equation [14]. Therefore, only the flux of the normal 

velocity needs to be calculated to improve the calculation efficiency. 
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where / is the area of the control volume; : is the edge index of the control volume; ; 
is the total number of edges; 97  is the length of :<=  edge; 2  is the intersection angle 

between 	  axis and the norm vector (anticlockwise direction of 	  axis); 1�2�  is the 

transformation matrix of 2 ; ���  is the comprehensive source terms including the 

additional vegetation resistance. For more details of the HLLC solution, the readers can 

refer to reference [14]. 

� Definite solution condition 
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To solve the aforementioned equations in a specific condition, the corresponding initial 

and boundary conditions need to be given simultaneously. The initial conditions are 

given as follows: 

 �� � ��(>8?@ � ��(>8?@� ��(>8?@��
�
 (10) 

where the subscript �� represent the variable values at the initial condition.  

The boundary conditions can be divided into two types which are land boundary and 

open boundary, respectively. For a given water level (depth) condition, ����(A�is known. 

According to the known boundary condition on the left-hand state, the unknown 

boundary condition on the right-hand state can be calculated by the characteristic 

relation: 

 �B � �C � ��D��C � D��B�� (11) 

where subscript E and 9 represent the variables at the left-hand and the right-hand sides, 

respectively.  

For the land boundary condition, �B � �C , �B � ��C , and �C � �B . The normal 

flux can be calculated based on the left and right state conditions. 

2.2. Physical Experiments 

The results from a variable slope flume were used for the validation of the model 

proposed in this study. As is shown in Figure 1, the length and the width of the flume 

are 38.00 m and 0.80 m, respectively. The vegetation belt is located 10.00 m away from 

the front of the flume. Its length is 1.60 m and its width is 0.40 m. The height of the 

vegetation canopy is about 0.14 m. More details of the flume experiments can be found 

in reference [15]. 

 

Figure 1. Location of the vegetable patch and the distributions of the observation sections. 

3. Results & Discussion 

According to the experimental results, the vegetation resistance coefficient can be 

calculated from the measured FG , ��H+GH , and the hydraulic gradient. The vertical 

distribution of %&  at different cross sections is shown in Figure 2. In general, the 

resistance coefficient above the vegetation canopy is between 1.4-4.0. When the relative 
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water depth is less than 0.27, the drag coefficient decreases with the increase of water 

depth. However, when the relative water depth is greater than 0.80, the drag coefficient 

increases with the increase of water depth. The vertical distribution of the additional 

resistance coefficient varies greatly due to the swing of aquatic plants. Therefore, the 

vertical average values were used in the two-dimensional model of this study. 

 

Figure 2. The vertical distribution of %& at different cross sections. 

Based on the size information of the flume, the mesh size of the two-dimensional 

model was specified as 0.025 m×0.100 m. The flow velocity at the water inlet was set as 

0.5 cm/s. The water level at the inlet was set as 0.30 m which is the same as the actual 

water depth under the experimental condition. The slope of the flume is 0.005, while the 

manning roughness coefficient is 0.016. 

Taking sections 2#, 3#, 4# and 6# as examples, the simulated current velocity was 

compared with the measurements. Seven average velocities can be obtained for one 

cross-section when the vertical velocity is averaged (Figure 1). Figure 3 shows the 

comparison of the model results and the measurements. Overall, the model results get 

closer to the measurements along the water flow direction. When the water just enters 

the vegetation area, its three-dimensional flow characteristics are significant because of 

the mutual influence of the water flow and the vegetation patch. With the downward flow 

of the water, the flow movement is adjusted to be more stable, and its two-dimensional 

flow characteristics become more prominent. Figure 3 illustrates that the flow with 

flexible vegetation can be simulated by increasing the additional resistance coefficient, 

and the model developed in this study can be used to analyze the water flow with a weak 

three-dimensional effect. 
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Figure 3. Comparison of the observed and simulated current velocities at sections 2# (A), 3# (B), 4# (C), and 

6# (D). 

The streamline and the current velocity field from the model results are shown in 

Figure 4. At 0.20 m upstream of the vegetation patch (#2 cross-section), the phenomenon 

of the flow around the vegetation patch appears due to the water-blocking effect. The 

flow velocity at the vegetation and non-vegetation areas are weakened and enhanced, 

respectively. In addition, the flow velocity in the vegetation area decreases along its flow 

direction because of the water-blocking effect. However, the flow velocity becomes 

larger when the non-vegetation site is farther away from the vegetation area. The flow 

velocity is still at a low-velocity state in the areas near the downstream of the vegetation 

area, indicating that the flow velocity needs to flow some distances to recover to the state 

without the influence of the vegetation patch. 

 

Figure 4. The flow line and current velocity field from the model results. 
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4. Conclusions 

In this paper, a two-dimensional unsteady flow model with the consideration of 

vegetation is established. The model is validated and calculated by considering the 

influence of vegetation patches on open channel flow based on the experimental flume 

results. The common aquatic plant Potamogeton Malaianus in the river and lake waters 

of China was used as the object to obtain the experimental data. 

The results show that: 1) The model simulation results are in good agreement with 

the measured data and can simulate the flow process influenced by vegetation patches, 

especially in the remote area where the three-dimensional effect is weak; 2) The water-

blocking action of the vegetation patches reduces the flow velocity inside the vegetation 

patches and increases the flow velocity in the vegetation-free areas, resulting in 

longitudinal shear at the edges. 
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