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Abstract

:

The presence of microplastics has been reported in most marine environments. Their accumulation can affect the marine ecosystem, and their consumption by small organisms of various sizes can indirectly affect human beings who consume them. Recent observations have reported the pathways and fates of microplastics surrounding man-made coastal structures, such as artificial reefs. However, basic research elucidating the physical behavior near the structure is scarce. We implemented a two-dimensional numerical wave flume simulating intermediate waves with a weak current in a coastal area to investigate the behaviors of microplastics corresponding to parameters such as particle size (0.2, 1, and 5 mm), particle density (900, 1000, and 1100   kg /  m 3   ), and submerged artificial structure. The results showed that smaller particles had a stronger horizontal dispersion but a weaker horizontal advection. Installing a submerged structure increased the flow rate above the structure. It also increased particle accumulation upstream and downstream near the edge and corner of the structure. The accumulation was significantly affected by the installation of the structure when the resuspension of microplastics occurred intermittently. This work elucidates the mechanisms underlying the distribution, accumulation, and dispersion of microplastics that are important in predicting the fate of microplastics in the vicinity of artificial structures.
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1. Introduction


The increased use of plastics, owing to their durability and adaptability, has considerably increased plastic waste accumulations in maritime habitats. Most plastic waste generated by river runoff and anthropogenic activities [1,2,3] can be degraded by physical–chemical–biological processes into microplastics (0.1 μm to 5 mm in size) through a combined effect of abrasion, photo- and thermo-oxidative degradation, and biological processes [4]. The complex processes of varying temporal scales can result in the evolution of their size, density, and shape, which are fundamental determinants of inertial motion and sinking/rising velocity [5,6,7,8]. Owing to the variations in buoyancy and corresponding vertical distribution of microplastics, they are present throughout the entire water column, from the wave spray above the surface to the sediments at the bottom [9]. Since multi-scale lateral ocean circulations allow them to traverse continental and marine environments, they have been discovered in the middle of nowhere, for example, in large-scale ocean gyres and polar regions [10,11,12]. Due to their ubiquity and small size, they can come into contact with aquatic organisms, posing a serious threat to top predators, such as humans [13,14]. Further investigations are required to elucidate the fate and dispersion of microplastics in various marine environments [15].



Nearshore ecosystems and their inhabitants can be most directly and severely impacted by microplastics [16]. The fate and behavior of microplastics in the nearshore region can be influenced by natural factors, such as wind, complex nearshore bathymetry, and artificial structures designed to protect shorelines and nearshore ecosystems [17,18,19,20]. Artificial structures, such as dikes, levees, breakwaters, and submerged breakwaters, have been built to reduce the damage from extreme natural phenomena, such as storms and tsunamis, and protect the shoreline along which beaches and coastal infrastructures have been built [21]. However, some of these structures have been identified as trash bins that help to store and export microplastics overseas [22,23].



An artificial reef is designed to develop favorable ecosystems by providing shelter and habitat for fish, plants, and small organisms and is an ideal construction for protecting nearshore ecosystems from human activities [24,25]. It dissipates the kinetic energy transferred from a far distance through waves and currents to preserve the shoreline and support habitats for nearshore marine life [26]. An artificial oyster reef, the so-called living shoreline, has been considered an effective alternative to the traditional ones to ensure long-term resilience and climate change adaptability [27]. Global warming and more frequent extreme weather events caused by climate change can increase the damage from sea level rises and storm surges [28,29]. The growing oyster population facilitates reef formation that reduces coastal erosion, boosts biodiversity, and helps the local community establish more sustainable fisheries [30,31]. In addition, oyster reefs are considered potential sinks for carbon storage in their shells [32], providing more options for policymakers concerned about climate change, coastal erosion, and sustainable ecosystems.



Many studies have explored the hydrodynamics of artificial structures and their effects on marine life, habitats, and ecosystems [33]. However, studies on the effects of interfering hydrodynamics on the dispersion of contaminants (herein microplastics) are scarce. Studies on ubiquitous microplastics in the ocean have mainly focused on their distribution, presence, and quantification at various water depths and locations [34], with limited focus on the physical behavior explaining the distribution of microplastics in a wave field. Computational fluid dynamics (CFD) simulations have demonstrated their capacity and efficacy in generating a physical wave field comparable to that of laboratory simulations [35,36,37]. CFD-based numerical wave tanks have been used to study wave deformations [38,39], wave-structure interactions [40], and validation with laboratory experiments [41]. Recently, it has been applied to the dispersion of microplastics on coastal slopes [42] and to the setting velocity of microplastics in lakes [43]. Despite the importance of studying the behavior of contaminants near artificial reefs designed to serve as habitats for fish and small organisms, to the best of our knowledge, no in situ observations, numerical simulations, or laboratory experiments have been published on contaminant behaviors affected by artificial reefs and submerged breakwaters.



We conducted CFD-based basic research to investigate changes in the hydraulic properties caused by an underwater structure and the consequent changes in microplastic behavior using a CFD wave tank simulating a laboratory environment. ANSYS FLUENT was used to simulate the surface wave and microplastic movements over a submerged structure. Because the dispersion of microplastics is considerably influenced by the buoyancy force acting on them, the microplastic particle size and density were used as independent variables in the numerical experiments.




2. Materials and Methods


2.1. Basic Model Setups


We studied the behavior of microplastics in wavefields that interfered with underwater structures in the wave-dominant nearshore area using a CFD wave flume (ANSIS FLUENT 2020 R2). Figure 1 depicts the dimensions of a 12 m long and 0.8 m deep two-dimensional numerical wave flume. The still water depth (h) was set to 0.4 m, and the reference coordinate was set to the bottom left corner (x = 0 and y = 0), where x is the cross-shore coordinate pointing right, and y is the vertical coordinate pointing up. For observing the hydraulic properties downstream of the submerged structure, experiments were conducted with rectangular structures (Figure 2) of heights 0.3 m and 0.38 m, installed at x = 5 m (henceforth WS1 and WS2, respectively), and with no structure (henceforth NS). The mesh was built with a rectangular quadrilateral grid with a linear element order, and the grid size of 0.02 m established 24,560 (24,470) nodes and 23,850 (23,810) elements for the WS1 (WS2) case and 24,641 nodes and 24,000 elements for the NS case.



The PISO algorithm was utilized for pressure-velocity coupling with PRESTO, and compressive schemes were utilized to determine the pressure and volume fractions of a system. We also considered a second-order upwind scheme for the momentum, turbulent kinetic energy, specific dissipation rate, energy, and level-set function. We used a numerical time-step of 0.002 s for a total of 45,000 time-steps during the 90 s simulation for each run. The numerical solution at each time-step was found to converge by monitoring integrated quantities of bulk flow velocity and turbulence and scaled residuals of continuity, x, y velocity, energy, k-omega, and bulk water volume fraction.




2.2. Volume of Fluid and Wave Generation


We used the volume of fluid (VOF) model and open channel boundary conditions incorporated in ANSYS FLUENT to account for the water–air interaction in CFD wave flumes. The VOF model simulated multiphase fluids by solving a single set of momentum equations and monitoring the volume fraction of each fluid throughout the domain. We considered the standard laboratory environment such that two domains of air and water phases were created, with ambient densities of 1.225 and 998.2   kg /  m 3   , respectively. The air and water flow fields were computed by solving the unsteady Reynolds-averaged Navier–Stokes (URANS) equations with the shear stress transport (SST)–turbulent close model.



It was assumed that the submerged structure could retard the current and reduce the mass flow rate in the propagating direction, owing to the pressure drop induced by the structure. Therefore, rather than a fixed mass flow rate boundary condition, a pressure boundary condition with a constant velocity of 0.05 m/s and turbulence intensity of 5% was set at the inlet and outlet.



We aimed to simulate wave propagation in a shallow/intermediate-water wave field. Initial wave height (H) and wavelength (L) of 0.15 m and 1.5 m, respectively, were used at the inlet boundary, which made the ratio between nonlinearity and shallowness (Ursell number, H   L 2   /   h 3   ) 5.27 and the ratio between inertial and gravitational forces (Froude number,    F r    =    V    g y      ) 0.025. Our wave field demonstrated a subcritical flow, with a faster wave propagation speed than the current speed. To emphasize the important nonlinear features in the dispersion of near-surface buoyant microplastics, we simulated wave propagation using Stokes’ 4th-order theory and estimated the free surface height ( ζ ) as follows:


  ζ  (  X , t  )  =  1 k    ∑   i = 1   4       ∑   j = 1   i      b  i j    ξ i  cos  (  j k  (  x − c t  )   )   



(1)




where   ξ = π H / 2  , wave number   k = 2 π / L  ,  c  is the wave celerity, and    b  i j     is the constant explained in Fenton (1990).




2.3. Microplastic Simulation by Discrete Phase Model


The discrete phase model (DPM) in ANSYS FLUENT was used to simulate microplastic behavior in shallow/intermediate wavefields in the nearshore area. The particle motion simulated by the DPM was characterized by the initial physical settings, such as particle size, shape, and density. We assumed that all microplastic particles were spherical and released particles of three different densities (900, 1000, and 1100   kg /  m 3   ) and sizes (0.2, 1, and 5 mm). We simultaneously released 500 particles of varying densities and sizes near the surface at a height of 0.38 m (500 particles at x = 2, y = 0.38 m), 5 s after the simulations started. Microplastics are plastics with sizes ranging from 0.001 mm to 5 mm; however, in this experiment, only 0.2 mm, 1 mm, and 5 mm were used and labeled as small, medium, and large, respectively. Microplastics with densities of 900 and 1100   kg /  m 3    were considered light and heavy particles, respectively.



The trajectory of a discrete phase particle was calculated by merging the force balance of the particle with that in a Lagrangian reference frame. The governing equations of Lagrangian inertial motion in ANSYS FLUENT were obtained from Morsi and Alexander (1972) [44]. According to the force balance equation, the particle inertia is equivalent to the force acting on the particle in the direction of motion and can be written as


    d  u p    d t   =  F D   (  u −    u p   )  + g  (     ρ p    –   ρ    ρ p     )   F x   



(2)




where  g ,  u , and  ρ  are the gravitational constant, velocity, and density, respectively. Parameters with the subscript  p  are associated with the Lagrangian particle, and those without  p  are associated with a Eulerian quantity at the particle location.    F D   (  u −    u p   )    represents the drag force per unit particle mass, and    F x    represents the additional acceleration required to accelerate the fluid surrounding the particle and overcome the pressure gradient in the fluid. The drag force    F D    is calculated as     18 μ    ρ  p      d p 2         C D    R e   24    , where  μ  is the fluid dynamic viscosity,    d  p      is the particle diameter, and   R e   is the relative Reynolds number, defined as    ρ  p      d p   |  u −    u p   |  / μ  . The drag coefficient (   C D   ) for spherical particles can be empirically fitted to the curve as follows:


   C  D     =  k  1     +    k  2       R e   +    k  3       R  e 2     



(3)




where    k 1   ,    k 2   , and    k 3   , are the constants.




2.4. Numerical Simulation Case Study


This study simulated cases with and without the submerged structures (WS1 and WS2 for 0.3 and 0.38 m height structures, respectively, and NS for no structure) and no wave case for WS1 (WS1-nw). NS and WS1-nw imply an open-channel flow with and without a submerged structure, respectively. WS1 and WS2 imply flows where the intermediate waves propagate in the flow direction. The lowest wave depth (trough) was located above the structure (WS1) and below the structure (WS2). We characterized the effect of the submerged structure by comparing NS, WS1, and WS2 and that of the waves by comparing WS1 and WS1-nw. Based on the four Eulerian velocity fields (NS, WS1, WS2, and WS1-nw), microplastic particles with different densities (900, 1000, and 1100   kg /  m 3   ) and sizes (0.2, 1, and 5 mm) were simulated. The 36 cases are summarized in Table 1.





3. Results


We describe our observations of the basic properties of the flow fields and particle behaviors. This section presents the velocity profiles and streamlines to investigate the Eulerian velocity fields for NS, WS1, and WS2 with the corresponding Lagrangian particle behaviors using ensemble-averaged particle trajectories.



3.1. Eulerian Observations


Figure 3 shows the vertical velocity profiles at x locations. In the flow upstream of the submerged structure, NS and WS1 showed similar vertical velocity profiles, with the strong shear layer developed above h = 0.35 m. In contrast, WS2 exhibited a shear layer with a reduced magnitude above h = 0.4 m. At the passage, the maximum velocities of WS1 and WS2 were similar and approximately 1.5 times larger than those of NS. In the downstream, the maximum velocities of WS2 dominated from the passage to a distance of 1 m, but those of WS1 dominated the rest. Despite the same flow rate applied to NS, WS1, and WS2 inlets, the flow rate across the passage varied, given by    q  N S     = 0.072    m 2  / s  ,    q  W S 1     = 0.110    m 2  / s  , and    q  W S 2     = 0.098    m 2  / s  . Thus, the submerged structures experienced an increased flow rate at the passage. The backward movement of the orbit of particles flowing downstream through the structure was limited by upwelling, owing to recirculation and clogging of the structure. Moreover, WS1 had a slightly higher flow rate than WS2.



The streamlines of the mean velocity fields (Figure 4) showed that the submerged structure created a recirculation zone attached to structures of different heights. The increased structure height resulted in a slightly thicker and wider recirculation zone, with the reattachment points shifted downstream. There was little difference in the streamlines (marked in red) passing through the passage above the structure between WS1 and WS2. The WS1 streamlines scrubbed the bottom upstream, while the WS2 streamlines were disconnected from the bottom upstream, creating a hollow space below. Because the streamlines starting from the hollow space could pass through the wall, the residence time of microplastics in the lower upstream layer was able to be increased. The streamlines of WS2 also differed from those of WS1 in undulations, with a fixed phase near the surface beyond the recirculation region.



Figure 5 shows the Eulerian flow kinematics of the divergence (  = ∂ u / ∂  x    + ∂ v / ∂ y  ) and vorticity (  = ∂ v / ∂  x    − ∂ u / ∂ y  ) generated from the mean velocity fields. Strong convergence was observed on the left side of the wall (white region), where a strong dynamic pressure was applied. A similar strength of convergence was observed at the upper right end of the wall, above which a strong clockwise vorticity developed near the mainstream through the passage and at the lower right part of the wall, below which strong counter-clockwise vorticity was located at the bottom. The counter-clockwise (from wall to x = ~7.3 m) and clockwise (x = ~7.3 m) vorticities in the thin bottom layer can act similar to a conveyor belt and strongly affect the sinking particles near the bottom layer at x = 7.2 m (WS1) and 7.5 m (WS2), once they are entrained along the streamline.




3.2. General Particle Behaviors


The instantaneous particle cloud in the experiments without any artificial submerged structures (NS) confirmed that the mixture of microplastics was dispersed and sorted by particle size and density. The large low-density particles near the surface were advected in the direction of wave propagation, owing to the mean surface current induced by the waves. However, the large high-density particles entrained into the bottom layer near the no-slip boundary were hardly resuspended but oscillated in the horizontal direction with a small amplitude.



In contrast, the smaller particles quickly occupied the vertical domain, regardless of their density. The vertical shear induced by the weak and strong flow speeds in the lower and upper layers, respectively, effectively stretched the particle cloud in the horizontal direction. Thus, for low-density particles, the smaller the particles, the stronger the horizontal dispersion of the particle cloud, but the larger the particles, the stronger the horizontal displacement. For high-density particles, the larger the particles, the weaker the horizontal advection because the particles remained near the bottom of the slowest flow speed, whereas the smaller the particles, the stronger the horizontal dispersion, as observed in the low-density particles. This will be discussed in more detail in Section 4.




3.3. Mean Particle Trajectories


The mean trajectories of the 500 particles released near the surface at (x, y) = (2, 0.38) m demonstrated a strong dependency of particle size and density on the mean displacemen (Figure 6). The mean vertical displacement of low-density particles decreased with increasing particle size. In contrast, the displacement of the high-density particles moved closer to the bottom with increasing particle size, as expected. For small particle sizes, the mean displacement displayed no significant differences, remaining at a depth of nearly 0.2 m for all density cases. The mean horizontal displacement significantly changed with particle density. For low-density particles, the mean horizontal displacement upstream (downstream) was the greatest in the case of NS (WS1), but for heavy particles, the greatest displacement upstream and downstream was observed in NS. The effect of installing a submerged structure increased slightly as the particle size and density increased. Hence, the small- and low-density particle cases showed no perceptible difference between the cases with and without the structure. The change in height from 0.3 m (WS1) to 0.38 m (WS2) did not affect the mean trajectories. However, the taller submerged structure (WS2) showed a slightly slower flow speed, resulting in a final horizontal displacement approximately 1 m shorter than that of WS1.





4. Discussion


We discuss the distribution, accumulation, and dispersion of microplastics based on the Eulerian flow kinematics and the particle statistics of residence time and relative dispersion.



4.1. Microplastic Accumulation


The region of strong clockwise vorticity and the divergent region coincided with the upper part of the large vortex (or recirculation zone), acting as a filter that sends only small-sized or denser particles to the recirculation region. Likewise, the strong counter-clockwise vortex and convergent region coincided with the lower part of the vortex, acting as a collector to store heavier particles. Convergence and divergence were scattered on the surface of WS1 but were separated on the downstream surface of WS2. The periodic pattern of convergence and divergence was well-represented in the streamlined undulation with a fixed phase from the wall (Figure 4). However, this experiment did not observe the accumulation of particles in the convergence regions because of the mean current moving in the x-direction.



The residence time    t r    in Figure 7 shows the Lagrangian accumulation and distribution of microplastic particles that are strongly dependent on particle size and density. Each column displays the residence time map for NS, WS1, and WS2. Each column includes nine cases of various particle sizes and densities. Small particles were more evenly distributed than others and were more pronounced near boundaries, such as surfaces, floors, and structures, as shown in Figure 7((1),(4),(7)). Although small light particles are accumulated near the surface in nature, the wave-induced perturbations in the upper layer introduced the particles into the bottom boundary layers, where a small, wave-induced flat motion prolonged the residence time.



For the medium and large-sized small particles (Figure 7((2),(3))), the particles were most frequently present near the still water level, except for the water passage downstream, where the strong clockwise vortex swiftly transported the particles into various depths of the water column. Because the medium and large particles had sufficient buoyancy to overcome the gravitational force, they were not engaged in the clockwise vortex to be recirculated but floated and proceeded in the forward direction.



The differences in accumulation after installing a structure are quantified by the residence time ratio    τ    =      t    r , d   /  t  r , u    , as tabulated in Table 2, where    t  r , d     and    t  r , u     are the spatial sum of residence time measured downstream and upstream, respectively. This ratio evaluates the change in accumulation between the two regions separated by the structure; a larger ratio represents a longer residence time in the downstream flow. In all cases, the reduction in  τ  increased as the particle density increased, demonstrating that the impact of installing the submerged structure on the accumulation increased with particle density (e.g., Figure 7(a(7)) vs. Figure 7(c(7))). The biggest impact was observed when the particle size and density were 1 mm and 1100   kg /  m 3   , respectively (Figure 7(8) and Table 2), which is possibly explained by the strength of resuspension: the smaller particles (0.2 mm and 1100   kg /  m 3   ) were easily resuspended, crossing over downstream (Figure 7(7)), while the large particles (5 mm and 1100   kg /  m 3   ) were hardly resuspended and remained upstream. Therefore, the largest reduction in τ, or the highest impact by installing structures, was observed for intermittently resuspended particles.




4.2. Microplastic Dispersion


The strength of particle dispersion in the horizontal and vertical directions was quantified by the relative dispersion coefficient calculated as   K  ( t )  =   < σ    ( t )   2  >   4 t    , where   σ    ( t )   2    is the variance of distances between two particles, <> indicates an ensemble average, and  t  is the elapsed time [45]. Because this metric measures the distance between two particles, it can be considered the strength of the particle spread. The averaged relative dispersion coefficient    K y    (Figure 8b,d,f) shows that smaller particles resulted in a stronger dispersion in the vertical direction. For low-density particles, the large-size particles dispersed less because they remained near the surface, owing to the strong buoyancy, and the small particles dispersed more because they were easily entrained into the deep, owing to the weak buoyancy and wave-induced unclosed orbital motions. Similarly, for the heavy, dense particles, the large-sized particles dispersed less because they remained near the bottom, owing to the strong gravitational force, and the small-sized particles dispersed more because they were easily resuspended into the depths, owing to the weak gravitational force.



The averaged relative dispersion coefficient    K x    (Figure 8a,c,e) shows that the smaller particles resulted in a stronger dispersion in the horizontal direction, associated with the strong vertical dispersion of the small particles. The shear flow dispersion can explain this mechanism: the stronger the vertical mixing, the stronger the horizontal dispersion in a bounded flow [46,47,48]. Because the intermediate waves (h/L = 0.27) propagated on a relatively shallow depth flow, the particles released at the surface had an increased probability of reaching the bottom boundary in a short time. Once the vertical distribution of particle concentration became saturated, the horizontal dispersion coefficient was linearly proportional to the vertical dispersion coefficient. In our application, the small particles quickly occupied the vertical domain, and the strong vertical shear developed by the slow mean currents near the bottom and the fast mean currents near the surface effectively elongated the particle cloud in the horizontal direction.



Installing a submerged structure can enhance the horizontal spreading of low-density particles (Figure 8a) but limits the horizontal spreading of high-density particles (Figure 8e). The largest difference between the NS and WS cases was found for heavy- and medium-sized particles ( ρ  = 1100   kg /  m 3    and A = 1 mm in Figure 8e), at which the    K x    for NS was approximately four times larger than the    K x    for WS cases. The heavy, medium-sized particles settled slowly, owing to the shear dispersion mechanism, and once they reached the bottom, resuspension occurred relatively frequently and advanced intermittently. However, when the structure was met, heavy, medium-sized particles could not pass the structure. This large difference in    K x    did not occur for heavy small- and large-sized particles because most particles, in the absence of a structure, swam freely in water regardless of the walls, whereas most particles were stuck to the bottom without any resuspension when structures were included.





5. Conclusions


The results revealed that the particle size and density influence the particle behavior around the artificial structure. Small particles (0.2 mm) showed a high dispersion rate and were more evenly distributed, regardless of the particle density. Moreover, the effect of installing the structure increased slightly with increasing particle density. The enhanced dispersion of the cloud consisting of small-sized particles can be explained by shear flow dispersion. Owing to the small timescale of vertical mixing in shallow waters, the gradient of the vertical particle distribution was rapidly degraded. In turn, the vertical distribution was elongated by the strong shear and was continuously saturated by vertical mixing. The heavy (1100   kg /  m 3   ) and large (5 mm) particles showed the weakest horizontal dispersion rate and no transportation through the structure because no resuspension occurred once they sank to the bottom; therefore, the effect of installing the submerged structure was negligible. The heavy (1100   kg /  m 3   ) and medium-sized (1 mm) particles showed augmented horizontal dispersion because resuspension occurred for those particles, allowing some of the particles to pass over the structure, so the effect of installing the structure was maximized.



These results suggest that the fate of microplastics adjacent to artificial reefs in coastal areas may vary depending on the physical properties of microplastics. Therefore, microplastic concentrations are made selectively by regions, emphasizing the need for diversifying collection strategies. Because artificial reefs are designed to restore degraded habitats, the structures attracting the biomass can accelerate the consumption of microplastics in fish and small organisms. Our result can be used to formulate more specific strategies regarding collection locations and methods near the artificial structures by providing the characteristics of the Eulerian flow fields and the corresponding Lagrangian particle behaviors.



This study is limited to the behavior of large microplastics in a two-dimensional idealized environment with intermediate waves near a very simple shape of artificial structure. Because we only considered microplastics with spherical shapes, further research is urgently required to consider the behavior of microplastics with various shapes, such as fibers and fragments, with appropriate corresponding drag coefficients. Furthermore, CFD- and laboratory-based research with more realistic environments, including bottom slopes, wind-induced mixing, the shape of artificial reefs, particle properties, and various mean currents, are required to establish a robust collection strategy of microplastics near submerged artificial structures.
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Figure 1. Schematic of computational fluid dynamics (CFD) wave flume (A: wavemaker, B: artificial reef, H: wave height, h: still water, L: wavelength, η: free surface, d: height of artificial reef, l: length of artificial reef, yellow and red circle: release locations of microplastics). The origin is located at the bottom left corner. 
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Figure 2. Grid meshing for WS1 (a) and WS2 (b). 
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Figure 3. (a) Vertical velocity profiles calculated by the mean velocity fields for NS, WS1, and WS2. (b) Displays enlarged (a). The 0.5 m in the x-axis can be scaled as 1.43 m/s of velocity profiles. 
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Figure 4. Streamlines for (a) WS1 and (b) WS2. The gray lines indicate streamlines that pass through the points, with 0.025 m spacings at vertical lines at x = 5.46 (just beside the structure), 6 (center of the recirculation zone), and 7.7 m (end of the recirculation zone). The red lines indicate streamlines that pass through the points at the passage above the submerged structure. 
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Figure 5. Divergence (a,c) and clockwise vorticity (b,d) in log scale for WS1 and WS2. The submerged structure is marked as black bars. The region of convergence in (a,c) and the counter-clockwise vorticity in (b,d) has no color. The legends indicate the log of divergence and convergence. 
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Figure 6. Mean trajectories of 500 particles released at (x, y) = (2, 0.38) m. The circles indicate the mean locations every 20 s. 
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Figure 7. Residence time    t r    in seconds accumulated at each grid cell for all particles during simulation time. x- and y-axes are the distances from the origin shown in Figure 1. 
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Figure 8. Relative dispersion coefficients  K  in the horizontal direction (a,c,e) and in the vertical direction (b,d,f) depending on particle size A in the log scale. 
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Table 1. Generated mesh properties.
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Properties Meshing




	
Type Structure

	
Type Meshing/Method

	
Nodes

	
Elements

	
Average Surface Area

   (   m  2  )   

	
Minimum Edge Length

(m)

	
Element Order

	
Grid Size

(m)






	
NS

	
Rectangular/

Quadrilaterals

	
24,641

	
24,000

	
9.6

	
0.8

	
Linear

	
0.02




	
WS1

	
Rectangular/

Quadrilaterals

	
24,506

	
23,850

	
9.54

	
0.2

	
Linear

	
0.02




	
WS2

	
Rectangular/

Quadrilaterals

	
24,470

	
23,810

	
9.52

	
0.2

	
Linear

	
0.02
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Table 2. Residence time ratio (   τ    =      t    r , d   /  t  r , u     ).
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     ρ   (   k g  /   m  3   )     








	A (mm)
	NS
	WS1
	WS2





	900
	0.2
	1.64
	1.49 (0.91)
	1.00 (0.61)



	900
	1
	2.33
	2.02 (0.87)
	1.60 (0.69)



	900
	5
	2.62
	1.89 (0.72)
	1.81 (0.69)



	1000
	0.2
	1.47
	1.32 (0.90)
	0.85 (0.58)



	1000
	1
	1.21
	1.05 (0.87)
	0.62 (0.51)



	1000
	5
	0.62
	0.49 (0.78)
	0.30 (0.49)



	1100
	0.2
	1.32
	1.18 (0.89)
	0.69 (0.52)



	1100
	1
	0.13
	0.07 (0.61)
	0.01 (0.12)



	1100
	5
	-
	-
	-







   t  r , u     and    t  r , d     indicate the summation of residence time upstream and downstream, respectively. The numbers in the parenthesis are normalized values by the NS value. The lower the value, the greater the influence of the artificial structure. The last row cannot be obtained, due to there being no particle downstream of the structure.
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