

  water-14-03951




water-14-03951







Water 2022, 14(23), 3951; doi:10.3390/w14233951




Article



Large Eddy Simulation of Compound Open Channel Flows with Floodplain Vegetation



Cheng Zeng 1[image: Orcid], Yimo Bai 1, Jie Zhou 2,*, Fei Qiu 1, Shaowei Ding 3, Yudie Hu 1 and Lingling Wang 1





1



College of Water Conservancy and Hydropower Engineering, Hohai University, Nanjing 210098, China






2



College of Mechanics and Materials, Hohai University, Nanjing 211100, China






3



China Design Group Co., Ltd., Nanjing 210014, China









*



Correspondence: zhoujie@hhu.edu.cn







Academic Editor: Chris Bradley



Received: 30 October 2022 / Accepted: 1 December 2022 / Published: 4 December 2022



Abstract

:

Floodplain vegetation is of great importance in velocity distribution and turbulent coherent structure within compound open channel flows. As the large eddy simulation (LES) technique can provide detailed instantaneous flow dynamics and coherent turbulent structure predictions, it is of great importance to perform LES simulations of compound open channel flows with floodplain vegetation. In the present study, a wall-modeled large eddy simulation (WMLES) method was employed to simulate the compound open channel flows with floodplain vegetation. The vegetation-induced resistance effect was modeled with the drag force method. The WMLES model, incorporating the drag force method, was verified against flume measurements and an analytical solution of vegetated open channel flows. Numerical simulations were conducted with a depth ratio of 0.5 and four different floodplain vegetation densities (frk = 0, 0.28 m−1, 1.13 m−1 and 2.26 m−1). The main flow velocity, secondary flow, bed shear stress and vortex coherent structure, based on the Q criterion, were obtained and analyzed. Based on the numerical results, the influences of floodplain vegetation density on the flow field and turbulent structure of compound open channel flows were summarized and discussed. Compared to the case without floodplain vegetation, the streamwise velocity in the main channel increased by 10.8%, 19.9% and 24.4% with the frk = 0.28 m−1, 1.13 m−1 and 2.26 m−1, respectively. The results also indicated that, when the floodplain vegetation density increased, the following occurred: the velocity increased in the main channel, while the velocity decreased in the floodplain; the transverse momentum exchange was enhanced; and the strip structures were more concentrated near the junction area of compound open channel flows.
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1. Introduction


A variety of aquatic vegetation exists in natural rivers and lakes, and plant communities interact with water flows to form a diversified ecological water environment [1]. The existence of aquatic vegetation can not only change the velocity distribution and turbulent structure of water flows, but can also affect the migration of sediments and pollutants. When a river is covered with aquatic plants, there are obvious velocity gradients in horizontal, transverse and vertical directions while the water flows through the vegetation. Most natural and restored waterways, at a minimum, are composed of a main channel and one or more adjacent floodplains, which are termed compound open channel flows. Compound open channel flows are characterized by a complex flow field and turbulent structure because of the interaction between the main channel and the floodplain. With the existence of floodplain vegetation, the difference in the mean velocities between the main channel and floodplain is enhanced. The flow field and turbulent structure of compound open channel flows are much more complicated with floodplain vegetation and need to be further studied. Furthermore, it is worth noting that the vegetation has been considered as a retrofitting solution for flood mitigation in low-lying coastal areas [2,3]. Aquatic plants have also been used as a retrofitting solution to mitigate overtopping from seawalls [4].



Considerable attention has been attracted to the investigation of the hydrodynamics of compound open channel flows with floodplain vegetation, including physical and numerical modeling. Noat et al. [5] established a three-dimensional (3-D) model, utilizing the algebraic stress model (ASM), to replicate compound open channel flows with floodplain vegetation. The effects of the cross-section shape on the flow patterns were identified, based on their numerical results. Kang and Choi [6] conducted numerical simulations of compound open channel flows with floodplain vegetation by using Reynolds stress model (RSM). A depth-averaged analysis was performed to investigate momentum exchange along the lateral direction. Yang et al. [7] conducted flume experiments to investigate the effects of different kinds of floodplain vegetation on the turbulence characteristics of compound open channel flows. Zhang et al. [8] established a two-dimensional (2-D) Reynolds averaged Navier–Stokes (RANS) model to simulate the turbulent structure in open channels with partially distributed vegetation. A good agreement was obtained between the numerical results and the experimental measurements. Cui and Neary [9] conducted a large eddy simulation (LES) study on the turbulent structure of compound open channel flows with submerged vegetation. Compared to the RANS model, the LES model could effectively simulate the impact of submerged vegetation on the mean flow field and resolve coherent structures observed in the instantaneous flow field. Sun and Shiono [10] physically studied the turbulent structure of compound open channel flows with one-line emergent vegetation along the interface edge. The velocity distribution, discharge ratio and bed shear stress were found to be significantly different from those with no vegetation. Huai et al. [11] successfully established a 2-D analytical solution model based on the effect of vegetation on the water flow structure of compound open channel flows with floodplain vegetation. Zhang et al. [12] numerically investigated the flow structure, the velocity distribution and mass transport process in a straight compound open channel with a 3D non-linear k-ε turbulence model. Zhang [13] carried out flume experiments to reveal the impact of emergent and submerged floodplain vegetation on flow structure of compound open channel flows. Zeng and Li [14] physically and numerically investigated the interaction between current and vegetation patches. Zeng et al. [15] experimentally investigated the ejection and sweep phenomenon caused by the floodplain vegetation variation with quadrant analysis. Dupuis et al. [16] conducted flume experiments to investigate the longitudinal development of the mixing layer within the interface area of compound open channel flows with floodplain vegetation. They reported that the effort of the secondary flow is significant in the redistribution of longitudinal momentum in the compound open channel flows. Barman and Kumar [17] physically collected the turbulent measurements in the heterogeneous canopy within the floodplain area of compound open channels. The differences of flow properties were identified, compared to the cases with homogeneous floodplain vegetation. As a new approach, Smoothed Particle Hydrodynamics (SPH) was applied to simulate the seagrass movement under waves and currents [18]. The SPH model was also successfully applied to simulate the flow characteristics in turbulent open channel flows through the porous bed with rough interfacial boundaries [19].



In flood modeling, compared to the results of Gaussian Process models [20], the LES simulations could provide detailed instantaneous flow dynamics and coherent turbulent structure predictions. Recent studies [21,22] demonstrated that the LES technique is robust and reliable for the modeling of open channel flows. However, the accuracy of LES results is determined by the grid resolution in the boundary layer, which normally leads to high computational cost. As a useful extension of the LES technique, the wall-modeled large eddy simulation (WMLES) model proved to be able to accurately simulate the wall-bounded turbulent flows with smaller grid requirements in the boundary layers. Due to the lower cost, the WMLES model attracted more and more attention in LES modeling. Zeng et al. [22] developed a 3-D model with the WMLES technique to simulate the flow field and turbulent structure of compound open channel flows. The model was well validated with existing experimental measurements and previous conventional LES results. The grid number of the WMLES model was found to be 1/8~1/3 of that in previous LES simulations [23,24]. The model was successfully applied to investigate the influence of the depth ratio (hr, defined as the ratio of the water depth in the floodplain and the water depth in the main channel) on the flow field and turbulent structure [25], and the distributions of energy and momentum correction coefficients in compound open channel flows [26]. In the present study, the WMLES model was applied to simulate the compound open channel flows with floodplain vegetation. The drag force method was adopted to model the resistance effect of vegetation. The WMLES model, incorporating the drag force method, was verified against flume measurements and an analytical solution of vegetated open channel flows. Numerical simulations were conducted with four different vegetation densities (frk = 0, 0.28 m−1, 1.13 m−1 and 2.26 m−1). Based on the numerical results, the influence of floodplain vegetation density on the flow field and turbulent structure of compound open channel flows was studied and summarized.




2. Mathematical Model


2.1. Governing Equations


The incompressible Navier–Stokes equations were solved with the WMLES method in the simulations conducted. The basic idea of LES is to filter the vortices spatially with a filter function. While the small-scale vortices were modeled with the sub grid scale (SGS) stress model, large-scale vortices were resolved with the filtered incompressible Navier–Stokes equations. The filtered governing equation is shown as follows:


     ∂   u ¯  i    ∂  x i    = 0   



(1)






     ∂   u ¯  i    ∂ t   + ∂   u ¯  j    ∂   u ¯  i    ∂  x j    = −  1 ρ    ∂  p ¯    ∂  x i    +  ∂  ∂  x j     (  v   ∂   u ¯  i    ∂  x j     )  +  1 ρ    ∂  τ  i j     ∂  x j    +  g i  −  1 ρ   F i    



(2)




where xi represents the Cartesian coordinates (i, j = 1, 2, 3 corresponding to x, y and z, meaning the streamwise, vertical and spanwise directions, respectively);      u ¯  i     and      u ¯  j     (i, j = 1, 2, 3) are the filtered velocity components; t is the time;    p ¯    is the filtered pressure;     g i  = ( g sin θ , − g cos θ , 0 )    is the gravitational acceleration component in the xi direction, g is the gravitational acceleration and θ is the angle of the channel to the horizontal. The term τij in Equation (2) is the SGS stress tensor. In the present study, the Boussinesq’s Hypothesis was employed to calculate the SGS stress tensor as:


    τ  i j   −  1 3   δ  i j    τ  k k   = 2  μ t   S  i j     



(3)




where Sij is the strain rate tensor and μt is the sub grid scale turbulent viscosity which can be modeled as:


    μ t  = min  [     (  κ  d w   )   2  ,    (   C s  Δ  )   2   ]  · |  S  i j   −  Ω  i j   | ·  {  1 − exp  [  −    (   y +  / 25  )   3   ]   }    



(4)




where dw is the nearest wall distance, Ωij is the rotation rate tensor, κ = 0.41, Cs = 0.2, and y+ is the normal to the wall inner scaling. Based on a modified grid scale, the WMLES model considers the grid anisotropy in wall-modeled flows:


   Δ = min  (  max  (   C w   d w  ;  C w   h  m a x   ;  h  w n    )  ;  h  m a x    )    



(5)




where hmax is the maximum length of the cell edge; hwn is the normal grid spacing and Cw = 0.15 is a constant.



In the present study, the drag force method was used to simulate the resistance effect of floodplain vegetation. The resistance effect of floodplain vegetation was modeled with the quadratic friction law. If a single stem was considered, as shown in Figure 1, the force per unit depth could be obtained by:


    f i  =  1 2  ρ  C d   b v    u ¯  i      u ¯  j    u ¯  j    ( i = 1 , 2 ; j = 1 , 2 , 3 )   



(6)




in which ρ is density; Cd is the drag coefficient of stem; bv is the width of stem. The average force per unit volume within the vegetated floodplain could be calculated as:


    F i  = N  f i  =  1 2  ρ  f  r k     u ¯  i      u ¯  j    u ¯  j    ( i = 1 , 2 ; j = 1 ,   2 ,   3 )   



(7)




in which Fi (=Fx, Fy, Fz = 0) are the resistance force components per unit volume induced by vegetation in x, y, z directions, N = number density and the resistance parameter frk = CdbvN. The resistance parameter frk can be used to characterize the influence of vegetation density on water flow. The value of Cd of circular cylinder rods was found to be inconstant. Previous studies [27] suggested that the Cd-value was in the range of 1.13 ± 0.15. In the present simulations, the Cd-value was taken as 1.13.




2.2. Boundary Condition and Numerical Algorithm


In the present simulations, the rigid-lid assumption was imposed for the upper boundary. The assumption has been widely applied in previous LES simulations of compound open channel flows [24,28]. The bed and sidewall of the compound open channel were set as the no-slip boundary condition. At the inlet and outlet boundaries, the periodic boundary condition was employed. The model details and validation case study can be found in Zeng et al. [22].



Numerical algorithms which do not produce significant artificial viscosity are required for the LES simulations. The Spectral method [29] and the Finite Volume Method (FVM) are widely used in solving the governing Equations (1) and (2). According to the existing studies [30,31], the spectral method needs substantially more CPU time and RAM, as compared with the FVM, for simple geometries. In order to save computational costs, the governing equations were discretized with the FVM in the present simulations. The pressure–velocity coupling was performed using the pressure implicit with the splitting of operators (PISO) algorithm. The convection and diffusion terms were discretized using the third-order quadratic upstream interpolation for convective kinematics (QUICK) scheme.





3. Verification of Drag Force Method


3.1. Simulation Implementation


The drag force method was verified with the flume experiments of Dunn et al. [27]. The experiments were carried out in a rectangular flume, which was 19.5 m in length. The width (W) and water depth (H) of the rectangular cross-section were 0.91 m and 0.61 m, respectively. The physical model parameters are listed in Table 1. Q is the discharge rate, and S0 is the bed slope. The simulation area of the verification case was of length 2 m, width 0.91 m and height 0.61 m. The vegetation height hv was 0.1175 m. The schematic diagram of the longitudinal section of the simulation area is shown in Figure 2. A hexahedral structured grid was used, and the total number of grids was 384,000.



In the present simulations, the steady velocity field, computed with the SST k-ε model, was set as the initial condition to reach a fully developed turbulent state quickly. Statistics were performed when a fully developed turbulent state was reached after 50 flow cycles (one flow cycle was equal to 10 H/Um, in which H was the water depth and Um was the bulk velocity).




3.2. Case Verification


Figure 3, Figure 4 and Figure 5 show the streamwise velocities, fluctuation velocities and Reynolds stress, respectively. The plots are non-dimensionalized with the mean velocity of cross section Um. Figure 3 shows that the vertical profile of time-averaged streamwise velocity. The experimental measurements and the analytical results are plotted in the figure. For the empirical and quasi-theoretical analysis, the vegetation resistance was usually parameterized with the Darcy–Weisbach friction factor [32]. Kouwen [33] proposed a rational method to estimate the roughness coefficient for flow over submerged vegetation. In the present study, the analytical model of Huai et al. [34] was employed for comparison. For the flow layer within vegetation, the velocity could be calculated as:


   U =     2 g  S 0   {  α  (  H −  h v   )  exp  [  α  (  z −  h v   )   ]  + 1  }   /   (   C d   b v  N  )        



(8)




where α is a constant and taken as 20.7. For the upper non-vegetated flow, the velocity could be calculated as:


    U   U *    =  1 κ  ln  [  1 +   κ  (  z −  h v   )     l 0     ]  +     2  [  α  (  H −  h v   )  + 1  ]   /   [   C d   b v  N  (  H −  h v   )   ]        



(9)




where l0 is the mixing length at the interface between vegetation layer and the upper non-vegetated flow layer and can be obtained by referring to the region suggested by Righetti and Armanini [35], U* is the shear velocity and equal to:


    U *  =   g ( H −  h v  )  S 0      



(10)







From Figure 3, it can be seen that the computational results agreed well with the experimental data and the analytical solution. The error between the experimental measurements and the analytical results might be attributed to neglecting the wake effect of the vegetation stems.



As can be seen in Figure 4 and Figure 5, the numerical results of fluctuation velocity and Reynolds stress were slightly different from the experimental results. This might be attributed to the fact that the porous media model considers macroscopic vegetation, but the influence of the community on the flow does not reflect the effect of a single stem on the flow field and the turbulence characteristics of the water flow within the vegetation community. Due to vegetation roughness, the distribution of streamwise velocity in the vertical z direction no longer conforms to the law of logarithmic distribution. While the resistance effect within the lower vegetation region increased, the flow velocity decreased within the vegetation layer and assumed an S-shaped distribution. It gradually increased along the vertical direction and showed a J-shaped distribution. It can be found from these figures that there was a large velocity gradient between the flow in the vegetation area and the upper flow in the non-vegetation area. A shear layer could be observed at the top of the vegetation canopy. Therefore, maximum values of Reynolds stress and fluctuating velocity appeared near the top of the vegetation canopy, and the Reynolds stress and fluctuating velocity decreased approaching the water surface and the channel bottom.



These comparisons indicated that the computational results agreed fairly well with the experimental measurements. It could be concluded that the WMLES model, incorporating the drag force method, performed well in the modeling of vegetated open channel flows.





4. Computational Cases


In the present study, the WMLES simulations were performed for compound open channel flows with hr = 0.5. The computational domain is shown in Figure 6. The width of compound channel B was 0.4 m and the width of the main channel b was 0.2 m. The depth of the main channel H was 0.08 m and the depth of the floodplain h was 0.04 m. A hexahedral structured grid was used in the present simulation, and the grid size was uniform in the streamwise, spanwise and vertical directions. The total number of grids was 1,920,000.



The resistance effect of floodplain vegetation was modeled with the drag force method. The vegetation height hv was set to the water depth within the floodplain. Three cases, with different floodplain vegetation densities, were set. The resistance parameters frk in these three cases were 0.28 m−1, 1.13 m−1 and 2.26 m−1, respectively. Boundary conditions adopted in the present simulations were the same as previous simulations without floodplain vegetation [25]. To facilitate the comparative analysis in the present study, the computational results of the floodplain without floodplain vegetation were also included for comparison. Thus, there were four cases, with vegetation densities of 0, 0.28 m−1, 1.13 m−1 and 2.26 m−1, considered in the present study. The impact of floodplain vegetation on the sectional velocity distribution, secondary currents, bed shear stress, Reynolds stress and turbulent structure was analyzed and summarized.




5. Results


In the analysis of results, statistics were produced for roughly 60 flow cycles when the fully developed turbulent state was reached after 50 flow cycles. To efficiently analyze the computational results, the length, width and height were non-dimensionalized with the water depth of the main channel H. The values U, V, and W were the time-averaged velocity components in the x, y and z directions, respectively.     u ′  ,  v ′     and    w ′    were the three fluctuating velocity components in the x, y and z directions, respectively.



5.1. Flow Field and Secondary Flow


Figure 7 shows the sectional distribution of the streamwise velocity U and the secondary current vectors (V, W) with different vegetation densities. With increase of the floodplain vegetation density, the streamwise velocity in the floodplain decreased, the streamwise velocity in the main channel increased, and the velocity gradient at the junction area increased. Compared to the case without floodplain vegetation, the streamwise velocity in the main channel increased by 10.8%, 19.9% and 24.4%, and the streamwise velocity in the floodplain decreased by 24.5%, 45.2% and 55.5% with the frk = 0.28 m−1, 1.13 m−1 and 2.26 m−1, respectively. Within the four cases of different floodplain vegetation densities, the location of the maximum streamwise velocity appeared in the main channel, and the smallest streamwise velocity was observed within the floodplain. With the increases of floodplain vegetation density, the high velocity area approached the side wall of the main channel, and the maximum velocity position moved toward the corner of the side wall and the water surface of the main channel. Although the computational flow field and secondary flow in this paper were generally consistent with the numerical simulation results of ASM [5], the present numerical model could faithfully replicate the velocity dip phenomena, while the phenomena were not observed in the results of ASM. It is worth noting that when the resistance parameter frk was 1.13 m−1, the characteristics of the flow field were similar to those when frk was 2.26 m−1, indicating that, when the vegetation density increased to a certain value, the floodplain vegetation tended to completely obstruct the water flow, and the flow field characteristics were less affected by the vegetation density.



When the resistance parameter frk was 0.28 m−1, 1.13 m−1 and 2.26 m−1, the maximum value of the secondary flow velocity was 4.4%, 4.8% and 5.8% of the maximum streamwise velocity, respectively. When the vegetation density increased, the intensity of the secondary flow near the junction area gradually increased, which also indicated that the presence of the floodplain vegetation enhanced the intensity of the secondary flow. In the main channel, the vortex close to the junction gradually approached the side wall due to the secondary flow, and the range of vortex scale reduced. When the floodplain vegetation density increased, the vortex near the bottom of the main channel became more obvious. The vortex at the water surface of the main channel evolved from two vortices in opposite directions to one vortex. The intensity of the floodplain vortex which was close to the interface became larger.




5.2. Bed Shear Stress


Figure 8 displays the distribution of the dimensionless bed shear stress with four different vegetation densities. As a result of the vegetation-induced drag effect, the flow velocity of the floodplain decreased and the flow velocity of the main channel increased, resulting in an increase for the bed shear stress on the main channel and a decrease on the floodplain. With the increase of floodplain vegetation density, the bed shear stress at the bottom of the floodplain decreased, and the bed shear stress at the bottom of the main channel increased. With the increase of the velocity gradient within the interface area, the bed shear stress changed more sharply. The WMLES results were approximately consistent with the previous numerical results [5,6]. However, the bed shear stress calculated by WMLES within the junction area was relatively flat compared to the previous results. It could be deduced that, with the existence of the floodplain vegetation, the erosion of the floodplain weakened. On the contrary, the erosion to the main channel bottom increased because of the increase of the bed shear stress. Therefore, if the floodplain is roughened with vegetation, the discharge rate of the compound open channel is reduced, which is not safe for flood control. However, the bed shear stress of the floodplain is significantly reduced, which is helpful for the protection of the floodplain. Thus, when the floodplain is multipurpose, it is necessary to comprehensively consider its impact on many factors, such as flood control and floodplain protection.




5.3. Reynolds Stress


The dimensionless Reynolds stress      −  〈   u ′   v ′   〉   /   u τ 2       with the four different floodplain vegetation densities are displayed in Figure 9. With the existence of floodplain vegetation, the positive area of the Reynolds stress closing to the junction in the floodplain disappeared. When the resistance parameter frk was 0.28 m−1, the Reynolds stress along the vertical direction was 0 at y/H = 1. With an increase in vegetation density, the zero-contour approached the side wall of main channel, while the absolute value of the Reynolds stress reached its maximum value near the interface area of the compound open channel flows. When the vegetation density increased, the Reynolds stress gradually increased near the interface area of compound open channel flows.



Figure 10 shows the dimensionless Reynolds stress      −  〈   u ′   w ′   〉   /   u τ 2       with four different floodplain vegetation densities. As the vegetation density increased, the negative area of the Reynolds stress became larger. When the resistance parameter frk was 1.13 m−1 and 2.26 m−1, the negative area reached the water surface, while the value of the Reynolds stress near the bed gradually increased in the main channel. The computational results indicated that, when the floodplain roughened with vegetation, the exchange of mass and momentum was still the strongest near the interface of the main channel and floodplain. The Reynolds stress and the turbulence increased with the increase of floodplain vegetation density. When the floodplain was roughened with vegetation, increase of vegetation density did not result in any significant change in the Reynolds stress value near the side wall of the floodplain.




5.4. Lateral Momentum Exchange


The depth-averaged analysis of the streamwise momentum equation, facilitated analysis of the influence of floodplain vegetation on the transverse momentum exchange within compound open channel flows. Nezu and Onisuka [36] gave the depth-averaged streamwise momentum in open channel flows with vegetation as:


      τ b   ρ  = g  h ′   I e  +  h ′   d  d y   ( T − J ) −    ∫ 0   h v      F x     d z   



(11)






   T =  1  h ′      ∫ 0  h ′     (  −  〈   u ′   v ′   〉   )     dz   



(12)






   J =  1  h ′      ∫ 0  h ′    ( U V )    dz   



(13)




in which τb denotes the bed shear stress, its value corresponds to the total shear stress at z = 0; Ie denotes the energy gradient; h′ denotes the water depth; T denotes the shear stress induced by the Reynolds stress    −  〈   u ′   v ′   〉    ; J denotes the shear stress induced by the secondary flow; (T-J) is the apparent shear stress, which quantitatively estimates the magnitude of the lateral transport of momentum.



The apparent shear stress (T-J), Reynolds stress component T and secondary currents component J with the four floodplain vegetation densities are shown in Figure 11. When the floodplain was vegetated, it can be seen that the absolute value of the shear stress T, J and the apparent shear stress (T-J) increased significantly. It is worth noting that the T, J, and T-J were almost the same near the side wall of the main channel for the four cases with different floodplain vegetation densities, indicating that floodplain vegetation had almost no effect on the vicinity of the side wall in the main channel. As the vegetation density increased, the total apparent shear stress reached a negative peak near the junction of the main channel and floodplain. The peak value became larger with increase of vegetation density. The intensity of secondary flow in the main channel and floodplain was gradually increasing, but its peak value shifted from the floodplain to the main channel. When the resistance parameter frk was 1.13 m−1 and 2.26 m−1, two peak values appeared in the secondary current component J.



Compared to the cases without floodplain vegetation, the transverse momentum exchange near the interface area, as well as that within the floodplain area, were found to be enhanced. The momentum exchange became more intensive, while the vegetation density increased. The contribution of the transverse turbulence to the momentum transport on the vicinity of the side wall in the main channel was almost unchanged. When y/H > 1, the momentum exchange of the secondary currents increased. The contribution of secondary currents on the momentum exchange became larger, while the vegetation density increased. However, the contribution of the lateral turbulence was still predominant in the momentum transport.




5.5. Vertical Structures


The Q-criterion, a popular method to define and identify the vortex structure in turbulent flows [37], was used in the analysis of vertical structure in the present study. The Q-value could be obtained as follows


   Q =  (   Ω  i j    Ω  i j   −  S  i j    S  i j    )  / 2   



(14)




in which     Ω  i j   =  1 2   (    ∂  u i    ∂  x j    −   ∂  u j    ∂  x i     )     and     S  i j   =  1 2   (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i     )     are the rotation rate tensor and strain rate tensor for the velocity gradients, respectively.



Figure 12 shows the instantaneous turbulent structures with four different floodplain vegetation densities obtained by using the Q criterion. The vortex structures were colored with the vertical dimensionless height (z/H). The threshold value of Q was set to be 50 in the present analysis. It can be seen from the figure that, when the vegetation density increased, the vortex structures on the floodplain gradually decreased, and the strip structures within the main channel increased. The strip structures were mainly concentrated near the interface of the main channel and floodplain, which was consistent with the time-averaged flow field. When the vegetation density was larger, there were a lot of strip structures close to the water surface at the junction area of compound open channel flows. The strip structure increased with the increase of vegetation density. This indicated that there was a strong horizontal shear layer near the side wall of the main channel and the junction area, resulting in the horizontal Kelvin–Helmholtz (K-H) coherent vortices. The K–H vortices enhanced the mixing of the flow in the horizontal direction. It is worth noting that the turbulence at the junction area was stronger. This also showed that, when the resistance parameter frk was 1.13 m−1 and 2.26 m−1, the strip structure in the floodplain significantly reduced. It was found that when the Q value was constant, more strip structures were captured in the main channel and less strip structures were observed in the floodplain while the floodplain was roughened with vegetation.





6. Conclusions


In this paper, WMLES simulations were performed for compound open channel flows with different floodplain vegetation densities. The vegetation-induced resistance effect was modeled with the drag force method, which was verified against experimental measurements and an analytical solution. Numerical simulations were conducted with four different vegetation densities (frk = 0, 0.28 m−1, 1.13 m−1 and 2.26 m−1). The LES results confirmed the findings of existing studies. The impact of vegetation density on flow field and turbulent structure was investigated and summarized. The following conclusions could be drawn.



Due to the vegetation-induced resistance effect, the flow velocity decreases within the floodplain and increases within the main channel, resulting in an increase in the bed shear stress within the main channel and a decrease in bed shear stress within the floodplain. When the floodplain vegetation density increases, the bed shear stress decreases in the floodplain and increases in the main channel. As the velocity gradient increases near the junction area, the bed shear stress changes more sharply.



Compared to the case without floodplain vegetation, the transverse turbulence of the water flow within the vicinity of the junction and in the floodplain increases, and is strengthened when floodplain vegetation density increases. Within the main channel, the impacts of the transverse turbulence on the momentum exchange near the vicinity of the side wall is almost unchanged. The strip structures are mainly concentrated near the interface area. The characteristics of instantaneous turbulent structure is consistent with that of the mean flow field. When the floodplain vegetation increases, strip structures within the floodplain decrease while the strip structures in the main channel increase.
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Figure 1. Resistance effect induced by vegetation. 
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Figure 2. Schematic diagram of longitudinal section of simulation area. 
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Figure 3. Comparison of the time-averaged dimensionless streamwise flow velocity. 
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Figure 4. Comparison of dimensionless fluctuating flow velocity. 
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Figure 5. Comparison of dimensionless Reynolds stress. 
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Figure 6. Schematic diagram of the compound open channel flows with floodplain vegetation. 
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Figure 7. Sectional distribution of streamwise velocity U and secondary currents (V, W) with different floodplain vegetation densities. (a) Case with frk = 0. (b) Case with frk = 0.28 m−1. (c) Case with frk = 1.13 m−1. (d) Case with frk = 2.26 m−1. 
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Figure 8. Bed shear stress with different floodplain vegetation densities. 
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Figure 9. Reynolds stress      −  〈   u ′   v ′   〉   /   u τ 2       with different floodplain vegetation densities. (a) Case with frk = 0. (b) Case with frk = 0.28 m−1. (c) Case with frk = 1.13 m−1. (d) Case with frk = 2.26 m−1. 
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Figure 10. Reynolds stress      −  〈   u ′   w ′   〉   /   u τ 2       with different floodplain vegetation densities. (a) Case with frk = 0. (b) Case with frk = 0.28 m−1. (c) Case with frk = 1.13 m−1. (d) Case with frk = 2.26 m−1. 






Figure 10. Reynolds stress      −  〈   u ′   w ′   〉   /   u τ 2       with different floodplain vegetation densities. (a) Case with frk = 0. (b) Case with frk = 0.28 m−1. (c) Case with frk = 1.13 m−1. (d) Case with frk = 2.26 m−1.



[image: Water 14 03951 g010]







[image: Water 14 03951 g011 550] 





Figure 11. The apparent shear stress distribution with different floodplain vegetation densities. (a) Case with frk = 0. (b) Case with frk = 0.28 m−1. (c) Case with frk = 1.13 m−1. (d) Case with frk = 2.26 m−1. 
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Figure 12. Instantaneous turbulent structure with different floodplain vegetation densities. (a) Case with frk = 0. (b) Case with frk = 0.28 m−1. (c) Case with frk = 1.13 m−1. (d) Case with frk = 2.26 m−1. 
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Table 1. Physical model parameters in Dunn et al. (1996).
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	Q (m3/s)
	H (m)
	hv (m)
	bv (m)
	S0
	frk (m−1)





	0.179
	0.335
	0.1175
	0.0064
	0.0036
	1.23
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