Analysis of Vegetation Resistance Based on Two Typical distribution types in Ecological channel
Xiao-Dong Liu1, Liang-Chuan Tang2, Yu Han3,*, Jian Chen4, Shu-Qing Yang5
1College of Water Resources & Civil Engineering, China Agricultural University, Beijing 100083, China. Email: lxdong@cau.edu.cn. 
2College of Water Resources & Civil Engineering, China Agricultural University, Beijing 100083, China. Email: tangliangchuan@cau.edu.cn.
3College of Water Resources & Civil Engineering, China Agricultural University, Beijing 100083, China. Email: yhan@cau.edu.cn.
4College of China Engineering, China Agricultural University, Beijing 100083, China.E-mail: jchen@cau.edu.cn.
5School of Civil, Mining & Environmental Engineering, University of Wollongong, NSW 2522, Australia. Email: shuqing@uow.edu.au.
Corresponding author: yhan@cau.edu.cn.
Abstract
This paper studied the potential mechanism of form drag from emergent vegetation by the effective combination of experimental verification and numerical simulation. The rigid cylindrical sticks arranged in the open channel were used to simulate vegetation and experiments on flow velocity distribution characteristics in open channel with different vegetation density and vegetation arrangement forms were carried out. Based on the new expression of hydraulic radius from the recent paper, it indicates the form drag from vegetation is closely related with the wake volume near the vegetation. The relationship between the wake volume and form drag is proposed and verified by different experimental conditions. Based on this relationship, the experimental results show that the resistance form of vegetation in vegetated open channels can be divided into: K-type and D-type based on different sticks arrangement within one vegetation patch. The calculated values and measured values achieve a good agreement under different experimental conditions. Meanwhile, numerical simulation based on SAS turbulence model was conducted and the simulation results also fit well with the experimental values so more complex experimental conditions are simulated by numerical simulation method. The results of this study will provide a theoretical basis for the layout of vegetation in the ecological open channel.
[bookmark: _GoBack]Keywords: velocity distribution; form drag; vegetation arrangement form; K-type and D-type; numerical simulation;
1 Introduction 
Flow through aquatic vegetation has been an area of active research among civil engineers for the last half century. Aquatic vegetation not only increases the flow resistance but also causes loss of flow energy (Luhar et al., 2008). Although the vegetation in the open channel can cause a certain resistance to the flow, the existence of aquatic vegetation is of great significance to the evolution of the flow environment and river. Therefore, how to reduce the vegetation resistance to flow under the condition of ensuring the same vegetation density will be a hot topic. Flow resistance in vegetated open channel flow is very complicated so there are no exact methods to determine its value quantitatively (Järvelä, 2002). The various factors that influence the flow resistance include vegetation shape, size, density and irregularity of the channel (Chow, 2008). Overall, there are main three methods including theoretical analysis, laboratory experiments and numerical simulation to study the vegetation-flow interactions in open channel. For the theoretical analysis method about vegetation resistance, it can be quantified through empirical formula or hydrodynamic models. Cheng and Nguyen (2011) considered the comprehensive effect of vegetation and channel bed on the hydraulic radius and proposed theoretical formula of resistance coefficient. The results show the resistance from the vegetation is closely related with hydraulic radius but the equal relationship between them is still not established. Since hydraulic radius is a comprehensive index for evaluating open channel geometry characteristics, establishing the relationship between hydraulic radius and vegetation resistance characteristics is of great significance for studying the resistance mechanism of vegetation to flow. Considering the complicated parameters in resistance coefficient formula, Nepf et al (2000) studied the effect of circular rigid vegetation on the flow resistance characteristics based on two-dimensional continuous equations and momentum equations. Through dimensional analysis and formula changes, the simplified expression of resistance coefficient is further obtained and resistance coefficient is related to various factors such as vegetation distribution, open channel structure. So the simplified expression needs to be revised for researchers to study other different experimental conditions.
Besides the theoretical analysis, the experimental method has a high degree of credibility and can provide accurate and direct results. Taking into account the complexity of flexible aquatic, researchers usually simplifies flexible vegetation into rigid vegetation for experimental research (Kothyari et al., 2009). Stone and Shen (2002) conducted a series of laboratory experiments with cylindrical sticks of various sizes and density under both emergent and submerged conditions. They have developed a based flow resistance formula to evaluate the resistance coefficient, velocity distribution in vegetated open channel. Thompson et al (2003) measured the resistance in a laboratory channel for isolated sticks and meanwhile a load cell equipment was used to record the resistance caused by sticks in the flow. This load cell equipment is a very good method and it can directly obtain the resistance of vegetation to the flow, which has played a good auxiliary role in the verification of theoretical results. Righetti (2008) conducted a series of experiments about vegetation resistance and velocity distribution for two different vegetation densities. The study results show that the resistance coefficient is closely related with the vegetation density. Actually, the vegetation in the open channel usually exists in the form of patches, and the isolated vegetation can’t truly reflect the general flow structure of the open channel with vegetation. Tanino and Nepf (2008) conducted experiments with large vegetation density and randomly distributed circular cylinders. They observed that normalized vegetation resistance had a linear dependence on Reynolds Number. For the method of laboratory experiment, only limited flow characteristics variables can be measured due to limitations of special laboratory equipment and space. However, for the velocity characteristic in vegetated open channel, the experimental study is still the main method.
In addition to theoretical analysis and experimental studies, there are some reports of computational fluid dynamics model to simulate flow characteristics in open channels with vegetation. Numerical simulation method has great advantages in studying the resistance characteristics of vegetation (Stoesser et al., 2003). The numerical simulation method can obtain the whole flow field structure under different experimental conditions, such as different vegetation density, vegetation arrangement forms, and flow rate with short study period. At the same time, more flow field characteristic variable including the vorticity, pressure and turbulent kinetic energy of the entire channel flow structure can also be obtained by simulation method. A number of researchers (Li and Zeng 2009; Katul et al. (2004); Wilson et al. 2006) have used Reynolds-averaged Navier-Stokes (RANS) models to successfully simulate time-averaged flow. However those RANS models are difficult to capture the complex vortex structure behind the vegetation for vegetated open channel. Research shows that there are still some differences between the experimental results and numerical simulation results from RANS models. Kanda et al (1994) demonstrated the ability of Large Eddy Simulation (LES) to resolve turbulent structures for the flows with aquatic vegetation. Meanwhile, Dwyer et al (1997) used LES to study the transport of turbulent energy and found this model can well capture the turbulence structure generated in the vegetation flow. In order to get more complex flow characteristics, Su et al (2002) used the improved k-l LES (large eddy simulation) model to simulate partial vegetation open channel flow experiments, and the calculated data and experimental data have good consistency. Cui and Neary (2008) also used LES model to study the coherent structure at the flow interface of submerged vegetation and the results show the lateral vortices and vertical vortices generated at the interface of vegetation clearly. Through research, numerical simulation has gained more and more applications in the study of the characteristics of flow in open channels with vegetation. Although LES can achieve higher computational accuracy, it requires a lot of computational resources, especially for large-scale structure such as open channels. Therefore, large eddy simulation is not the first choice. In recent years, scholars have begun to try to use hybrid model. The concept of the hybrid model is to use LES model in areas with complex flow characteristics and RANS model in areas with smooth flow. Yu et al (2008) used a hybrid RANS/LES turbulence model to establish a two-dimensional flow model for vegetated open channel flow study. By comparing with the experimental data from Zong and Nepf (2011), the results show this model can both predict the average velocity and turbulence structure well. This model is then used to calculate the resistance and resistance coefficients for different solid volume fractions (different vegetation density). Nicolle and Eames (2011) arranged multiple cylinders into concentric circles, and simulated the effects of two-dimensional vegetation communities with different solid volume fractions on the flow structure by Direct Numerical Simulation (DNS). It was found that for low volume fractions (φ<0.05), the flow interaction within the cylinders is weak and the resistance characteristic on each cylinder is similar to those of the isolated cylinder. In summary, the hybrid model has great advantages on the analysis of the flow characteristics of open channels with vegetation.
The study has found the flow resistance caused by vegetation is closely related with different size wake vortices under the action of vegetation (Huai et al. 2012) and the results provide important guidance for further research on the resistance characteristics of rigid vegetation in open channel. Therefore, this paper mainly studies the flow characteristics of vegetated open channel flow under different experimental conditions to build up the relationship between the vegetation resistance and the wake vortex structure near the vegetation. The rigid sticks are used to simulate vegetation and the main variables of vegetation can be simplified to the arrangement and density of vegetation. Based on the wake vortex structure near the vegetation patch and different sticks arrangements within one vegetation patch, the resistance type of the vegetation is divided into K-type and D-type two forms. This classification is verified by both experiments and numerical simulations.
2 Theoretical Analysis of Form Drag for a Flow in Vegetated Channel
The total resistance of the vegetated open channel includes two parts, i.e., skin fraction and form drag. By analysing the results of different experimental conditions observed from the previous studies, the form drag from vegetation accounts for the main part of total resistance comparing to skin fraction from the channel bed (Gamage.2012). The form drag is closely related to the wake volume near the vegetation, but the equal relationship between them has not yet been established because it is difficult to obtain equation through strict theoretical derivation. Yang and Tan (2008) gave expression form of hydraulic radius for the open channel flow with emergent cylinders by the force balance equation as follows:

                                                        (1)
where Ve = the wake volume near the cylinders, A = the wetted boundary area.
Under conditions of uniform flow with rough element, the shear stress can is defined as:

                                   (2)


where= the average shear, =fluid density, g=gravitational acceleration, S=the channel slope. 
Inserting the Eq. (1) into (2), the form drag can be written as follows (Han et al. 2017):

                                (3)
where Ve = the wake volume near the rigid vegetation, Ve =n ξl1bh - nVr, Vr = solid volume of roughness element in flow, n= the number of sticks in measuring zone, l1 = the length of wake volume near the vegetation in the mainstream direction, h=flow deep. The ξ = modified coefficient and the diameter of the roughness is so small that the ξ=1 in this paper. b=the diameter of vegetation sticks, l2 = the spacing of two vegetation patches. The Eq. (3) theoretically shows the relationship between the vegetation resistance and the wake volume near vegetation. In fact, Eq. (3) builds the equal relationship between them and needs further verification through experimental method. The wake vortex structure near the vegetation of the K-type and D-type schematic diagram is shown in Fig.1. Within one patch for the D-type, downstream sticks destroys the complete flow structure produced by upstream vegetation and wake volume generated by the upstream and downstream sticks will not affect each other for K-type. Since there are many patches in the open channel during the experiment, but considering the experimental workload, we only measured the flow field structure behind representative patch (measuring zoon) as shown in Fig.1.
3 The K-type and D-type of Form Drag based on form of vegetation arrangement within patches.
In order to maximize the restoration of the original ecological environment in the open channel, we will usually plant vegetation in the open channel. When the vegetation density is constant, the layout of vegetation will have a significant impact on the flow structure. Since the distribution type of vegetation in open channels is varied, we cannot study them one by one, so we divided the vegetation distribution into two typical types in vegetated open channel.
In order to simplify complexity and study the relationship between form drag and wake volume, this paper only studies the influence of vegetation arrangement on form drag at the condition that other variables are same and gives two different form drag definitions: K-type and D-type. When the vegetation in the open channel is arranged in the form of patch, the internal structure of patch vegetation plays an important role. The K-type form drag indicates vegetation inside the patch is staggered, and the wake volume near a single vegetation can be fully developed and the D-type is the opposite situation. The Fig.1 shows the schematic diagram of D-type and K-type respectively. 
The Fig.1 shows when vegetation inside the patch is staggered and the vortex structure behind the patch can achieve full development, which means the adjacent downstream vegetation patch creates little efforts to the upstream ones like condition (b). But when the vegetation patches are arranged in parallel shown in condition (a), the adjacent downstream patch produce significant influence on the vortex structure caused by upstream patch and it limits the vortex development. Based on the relation between the wake volume and form drag, the arrangement forms caused obvious different effects on the form drag. It is necessary to further analyse these two different form drag forms based on different vegetation arrangement types.
4 Establishment of Numerical Model
With the rapid development of computer technology, computational fluid dynamics (CFD) can effectively obtain the structural characteristics of flow that are difficult to measure in the experiment. In this paper, due to the limitation of measuring equipment, we cannot obtain the structural characteristics of flow at the D-type conditions. The simulation method can solve this problem well. Next, we will briefly introduce the main steps of numerical simulation.
4.1 Basic Equation of Motion


Turbulence is the flow of each fluid micelle on a macroscopic spatial scale and in a random motion in time, which is generally processed by the time-average method. The instantaneous velocity can be regarded as the sum of the mean value and turbulent velocity fluctuation u’. The period of the mean value is T.                                                        (4)

                                              (5) 

where u= instantaneous velocity, = the mean velocity, u’= the fluctuation value. Time-averaging the N-S equation can be written as:

         (6)


where= fluid density, P=pressure, g= gravitational acceleration,= molecular viscosity.

Compared with the instantaneous N-S equation, the time-averaging N-S equation has an additional Reynolds stress term, which reflects the turbulent velocity fluctuations. It is not yet possible to establish a functional relationship between the Reynolds stress and the time-averaged flow velocity, so different turbulence models make different assumptions about the Reynolds stress term.
4.2 Turbulence Model
The Scale Adaptive Model (SAS) which is a hybrid RANS/LES method introduces the von Karman feature scale on the basis of the turbulence model, so that the model can automatically adjust the source term to obtain a solvable structure. The mechanism of this model is to use the Reynolds average model in the near-balanced turbulent region and the large eddy numerical simulation in the non-equilibrium turbulent region. The model uses the vortex-contained closed mode for the processing of the Reynolds stress term.

                                           (7)

where=Molecular viscosity and turbulent viscosity and k= turbulent energy.
The kinetic energy k and the specific dissipation rate w (turbulent vortex frequency) are obtained from the following transport equations.

                                  (8)

              (9)
Where Gk is the turbulent kinetic energy produced by the average flow velocity gradient, Cμ = 0.09, and i is the turbulent viscosity, k and  are the turbulent Prandtl numbers relative to k and w respectively. The 、、F1 and  are the coefficient of the SST k- model given by Egorov and Menter (2008).
The SAS model can solve the turbulence problem similar to LES in unstable regions, and can also model the turbulent flow in stable flow region by RANS equation, which is widely used in the study of boundary layer separation phenomena.
4.3 Boundary Conditions
The physical model inlet boundary adopts uniform flow rate condition and selects hydraulic diameter DH and turbulence intensity I as the inlet turbulence parameter. In order to accelerate the flow field convergence, Fluent's own spectrum synthesizer is used to generate pulsation at the inlet. The introduction of the frequency synthesizer can refer to the literature (Smirnov et al.2001).The model exit boundary uses the pressure outlet and the static pressure is set to 0. The upper boundary is set as symmetry boundary and the cylindrical surface are set to no slip wall.
4.4 Solution Method
This experimental simulation was performed using Fluent (a numerical simulation software based on the finite volume method). The discrete schemes chosen are as follows: Pressure Discretization uses the pressure staggered option (PRESTO); the momentum equation uses the bounded central differenceencing scheme; the turbulent equation uses the second-order upwind interpolation (QUICK) algorithm for convection kinematics. The Pressure Implicit Operator Splitting (PISO) algorithm is used for pressure-velocity coupling. The minimum mesh size is 0.0002m and the set time step is 0.002s. At this time, the Coulomb number is less than 1, which ensures the stability and time accuracy of numerical simulation. The monitoring points were set for velocity fluctuation to determine the convergence of the flow field. The total duration is 60s at a frequency of 20 Hz and the time-average and pulsation values of the flow field in the calculation domain are obtained.
4.5 Computing Domain and Meshing
In order to truly reflect the characteristics of the entire vegetated open channel, the physical model geometry size, vegetation size and boundary conditions are exactly the same as the actual model. The calculated volume of the domain is the water volume. Since the main concern of this paper is the effect of vegetation on the flow field, the interface between water and air is set as a symmetry plane without considering the influence of free flow surface. Therefore, the height of vegetation is the same as the flow depth. 
The grid is usually divided into two categories: structural grids and unstructured grids. The structural grid is a traditional form of grid and the nodes are arranged in an orderly manner. The structural grid itself uses the regular shape of the geometry and it can easily realize the boundary fitting of the region. It has the advantages of fast grid generation, good quality of grid generation, simple data structure and easy access to the actual model. Although the generation process is more complex, it is highly adaptable and has great advantages on the calculation of the flow field of complex boundaries. As mentioned above, compared to the open channel, the size of the vegetation is very small and the velocity gradient near the vegetation is large. The geometric model was imported into ANSYS ICEM. An o-grid was designed in order to get a good mesh adaptation around the curved edges. The mesh was also designed to meet the good quality mesh criterion and the local mesh structure can be seen in Fig.2.
5 Experimental Setting up
Laboratory experiments are carried out in a 6.3m long, 0.8m wide and 0.6m deep rectangular tilting flume at the Fluid Mechanics Laboratory of the China Agricultural University. The main components of this experimental system contain the head tank, tail tank, vegetated channel, circular pipe system, velocity measuring device ADV and resistance measuring device load cell. The head tank and the tail tank are constructed using stainless steel. The head tank is aligned centrally to the flume and symmetrical about the center line of the channel so that the flow at the entrance of the channel is as uniform as possible. A honeycomb steel plate is located at the entrance of the flume to make the velocity more uniform. The flow depth is controlled by an adjustable tailgate at the end of the flume and the discharge Q is measured by an electromagnetic flow meter installed in the feeding pipe. The plastic board is installed in the bottom of the channel and the acrylic sticks (d=0.005m) are inserted into the board. The schematic diagram of the entire experimental equipment is shown in Fig.3. Two rows of vegetation acts as one patch and the spacing of two patches is l2=0.3m. The Fig.4 and Fig.5 show two typical different vegetation arrangements D-type and K-type respectively. The different experimental conditions can be conducted by adjusting the discharge, the relative density of vegetation(λ=0.00285,0.000953,0.00098), the flow depth and the spacing of patches (For the sake of simplicity, this paper only gives the one of the vegetation arrangement conditions). Theλis the ratio of the bottom area of the vegetation to the bottom area of the channel. All the vegetation arrangements are shown in the Table 1 and the experimental conditions conducted under each vegetation arrangement are shown in the Table 2. TheA1-A5,B1-B5 and C1-C5 represent different flow discharges. The l2 is the spacing between two vegetation patch and N is the number of rows of vegetation in each patch.
Due to the complex flow structure in vegetated open channel, theoretical formulas and numerical simulations are difficult to give relatively accurate expressions of form drag. So a special load cell which can measure the vegetation resistance directly was designed to provide the verification for the theoretical value as shown in Fig.6. The method of measuring form drag by load cell has been used by previous scholars for several years and it is already a mature and effective method. Kothyari et al. (2010) and Zhao et al. (2014) used a similar device to measure vegetation resistance directly, and the good results had been obtained. The accuracy of the load cell used in this paper has been calibrated before the experiment and the device has high sensitivity. The load cell is calibrated with 5g, 10g, 20g, 50g, 100g standard objects, and the average measurement accuracy can reach more than 98% (ratio of measured value to true value).
The principle of the load cell can be described as follows. Firstly, the upper end of the vegetation patches was fixed on a hard plastic plate and the lower end keep a tiny spacing to the channel bed by adjusting the Screw rod as shown in Fig.6. The slider and plastic plate were linked by screw. The role of lifting platform is to slightly lift upstream of double axis slide rail to balance the frictional resistance which emerges between the slider and double axis slide rail by the gravity component paralleling to the bottom slope from screw rod and vegetation patch. So the load cell can measured the whole form drag caused by vegetation patch on the plastic plate. The tension meter is connected to and controlled by the computer and the output signal is then captured with an acquisition card at a sampling rate of 25 Hz. 
6 Results Analysis and Discussion
6.1 Determination of the longitudinal scale of the wake vortex structure
An important work of this study is to determine the wake volume from the vegetation patch by flow velocity distribution. Firstly it is necessary to select the appropriate point arrangement to shows longitudinal averaging flow velocity to express the wake structure as shown in Fig.7. In order to save the length of this paper, this paper only shows the K-type wake vortex behind vegetation under different flow discharges as shown in Fig.8. The spacing between two patches is 0.3m and two rows vegetation sticks act as a patch. The vegetation patch (depicted in black vertical line in Fig.8) located at the x/D=0 (x is the distance from the measuring point to vegetation patch and D is diameter of rigid sticks). Using the measured data, the distribution of the longitudinal average flow velocity u at different flow depths is analysed. The Fig.8 shows the adjustment length l’1 of flow velocity before the vegetation patch and recovery length behind the vegetation patch l”1 from the experimental and numerical simulation results. By experimental analysis, actually the longitudinal scale of the vortex structure is l1= l’1 + l”1. For the condition in the Fig.8, it shows that the longitudinal flow rate begins to decrease gradually at the location x/d=-8 and the average flow rate starts to increase at x/D>0 behind the vegetation patch. The velocity begins to stabilize when the flow rate recovery rate is reduced to (∂(u/uo)/∂(x/h)<0.1 (Tanino and Nepf 2008). The u0 is average velocity of inlet and u is the velocity in x direction at the measuring point. Based on this calculation method of the longitudinal wake vortex length, the vortex lengths under the above conditions are 0.155m，0.175m，0.195m，0.215m and 0.235m respectively. So the volume of the vortex structure can be further determined and the form drag FD can be calculated by the Eq. (3).
6.2 Comparison of calculation of form drag by two different methods
In this study, two methods based on the wake volume in Eq.(3) and load cell have been proposed to determine the form drag FD. The calculated results were verified by direct measurements from load cell. A comparison of the two methods results from Eq. (3) and the measured resistance value from load cell are shown in Fig.9. The experimental conditions are listed in Table.1. From the Fig.9, it shows the calculated and measured resistance values fitted well under different experimental conditions and it shows the accuracy of theoretical results.
From the perspective of the resistance of the three main experimental conditions (based classification of vegetation arrangement types), the overall form drag value of experimental condition A is larger on the same discharge. It can be found the experimental condition A is used as one-row sticks as a patch and the patch spacing is only 0.06m. The number of sticks on the experimental board is large, so more wake vortex structures are generated. For experimental condition B, the spacing of the vegetation patch is 0.18m, and the number of sticks on the experimental board is small which causes less vortex structure, so form drag is smaller. The vegetation arrangement of experimental condition C (K-type) is between the two, and the form drag is also in the middle position. For the experimental condition D, the vegetation is D-type and under the same flow rate conditions, the resistance of K-type (experimental condition C) is greater than that of D-type, which also fully verifies the relationship between wake vortex and vegetation resistance. Despite the different vegetation arrangements, the theoretical from Eq. (3) and measured values from load cell achieve a good agreement. All results are within the 10% error line.
6.3 Comparing and analyzing the simulation results and experimental results along vertical behind the vegetation patch.
In order to further enrich the experimental conditions through numerical simulation, it is firstly necessary to verify the results from the numerical simulation by experimental values. The experimental condition is the one row vegetation as a patch and the patch spacing is 0.3m. The flow discharge is Q=120m3/h, and the flow depth is h=0.128 m as listed in Table 1. The physical model of numerical simulation is the same as the experimental condition. The accuracy of the simulation is further verified by comparing the velocity distributions on the vertical lines at four different longitudinal locations behind the vegetation. Four lines from left to right are located x=0.05m, 0.06m, 0.08m, 0.12m behind the vegetation as shown in Fig.10 and x is the distance from the measurement point to the vegetation in the main flow direction. The Fig.11 shows the comparison of the velocity on the vertical lines at four different longitudinal locations x (m) behind the vegetation patch.
From the comparison between the simulated values and measured values of the vertical flow velocity distribution at four different longitudinal distances x, it shows at the place near the vegetation segment, the flow velocity behind the vegetation is relatively complicated due to the complex flow structure. The turbulence is relatively violent, and the velocity data from ADV is the average value of the sample points which value is closely related with sampling time. So when x is small, there is still a certain difference between the experimental values and the simulation values. With the increase of x, the effect of vegetation on flow is gradually reduced and the flow structure tends to be stable. The distance from x=0.05m~x=0.12m corresponds to 7%, 5%, 5%, and 3% relative errors respectively. Although flow velocity from numerical simulation and measured velocity by ADV have some deviation, they are still the same overall. Through the above comparative analysis, the accuracy of numerical simulation is verified.
6.4 The analysis of K-type and D-type resistance form based on numerical simulation
From section 6.3, it indicates the numerical simulation results and the experimental results can fit well. Therefore, this section studies the wake vortex structure near vegetation patch on other experimental conditions by numerical simulation.  For the D-type in a vegetation patch, two rows of vegetation are arranged in parallel, and the interval between the two rows of vegetation is only 0.06m. Under such an interval, ADV can’t obtain the velocity distribution between the two rows of vegetation but the D-type resistance can be measured by load cell. So internal flow characteristics will be obtained by verified numerical simulation methods. Next, the numerical simulation of flow characteristics under two different vegetation arrangements for four different inlet flow rates will be carried out. As mentioned before, the arrangement of vegetation patch is an important factor affecting the form drag values. For instance, when two-row vegetation is used as a vegetation patch and the two rows of vegetation are staggered as shown in Fig.12. The horizontal coordinate (m) and vertical coordinate (m) represent the length direction and width direction of the channel, respectively. The vortex structure near the vegetation patch can be fully developed and the vortex structure interaction between two-row vegetation is small. Based on Eq. (3), this arrangement may cause more resistance to flow in the case that all other factors are the same. Fig.12 shows the development of vortex belts behind the vegetation when two rows of vegetation are in K-type. It shows in Fig.12 that when the vegetation sticks are staggered, the vortex structure near the vegetation becomes more and more obvious with the increase of the flow discharge. When the flow reaches Q=120m3/h, the obvious Kamen vortex street appears behind the vegetation in the downstream. This also corresponds to the increasing resistance value obtained by the load cell.
However, for natural rivers, the D-type is an important form of vegetation distribution in natural channels or vegetated open channels. When the vegetation density is large, the interaction between vegetation is particularly strong. Under the condition that the relative vegetation density is equal, comparing the K-type arrangement, the downstream vegetation has more effect on upstream vegetation for D-type vegetation distribution. Fig.13 shows the development of the vortex behind vegetation when the vegetation sticks are arranged in D-type. Compared with the K-type vegetation, there are obvious Karman vortex streets near the vegetation under different conditions, but the stable wake vortex structure is smaller. In experimental measurements, we usually measure the stable average wake vortex structure field. From the Fig.13, we can see that when the vegetation is arranged in D-type, the vegetation in the downstream row is usually located in the vortex structure of the vegetation in the upstream row. So that the development of the vegetation vortex belt in the upstream row is affected. Compared with the K-type arrangement of vegetation, the D-type arrangement destroyed more stable wake vortex strips. From the comparison of K-type arrangement and D-type arrangement, it can be concluded that when the vegetation densities and other conditions are the same, the arrangement of vegetation in open channels has a great influence on the flow structure.
7 Conclusion
In this paper, a laboratory study was conducted on the flow resistance in a rectangular open channel which was partially filled with an artificial emergent rigid vegetation patch. At the same time, based on numerical simulation, more flow field characteristics are obtained. Two main methods are used to study the form drag types including experimental verification and numerical simulation. The main findings of this paper are listed below.
(1) The velocity distribution pattern near the vegetation patch was obtained by ADV technology, and the wake vortex structure was further confirmed. Based on theoretical analysis, the quantitative relationship between form drag and wake volume near the vegetation was established and verified by load cell. The results show the underlying mechanism of form drag is due to the wake vortex structure near the vegetation.
(2) The form of patch vegetation resistance to flow can be divided into D-type and K-type forms based on different types of vegetation arrangement inside one patch. They represent two typical vegetation distribution forms in the vegetation of ecological open channels. At the condition that other factors are same, the resistance characteristics of vegetation are closely related to the vegetation arrangement type. The results of this study show that when the vegetation arrangement is K-type, the resistance is greater than the D-type. The results will provide a theoretical basis for the layout of vegetation in the ecological open channel.
(3) The experimental values verify the reliability of the SAS turbulence model for calculating the flow field in open channels with vegetation. By calculation and comparison, the average error between the experimental value and the simulated value is only about 5%. This provides guidance for the choice of turbulence models for the following researchers.
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