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Abstract

:

Contaminant trapping by recirculation zones occurring at the apex of natural meandering channels induces a long tail in the contaminant cloud, thereby complicating the prediction of mixing behaviors. Thus, the understanding of the interaction between solute trapping and recirculating flow is important for responding to and mitigating water pollution accidents. In this research, the EFDC model was employed to reproduce three-dimensional flow structures of recirculating flow at the channel apex and investigate the influence on contaminant mixing. To investigate the contaminant transport characteristics from the storage zone in meandering channels, simulations were conducted using various discharge values to assess the impact of storage zone development on the concentration–time curves. The analysis of the relationship between the storage zone size and mixing behaviors indicates that an increase in discharge could result in a shorter tail and larger longitudinal dispersion even with the larger storage zone size. On the other hand, the enlarged recirculation zone size contributes to reducing transverse dispersion, evidenced by flatter dosage curves under lower flow rate conditions. These findings suggest that the increase in longitudinal dispersion with a larger flow rate is primarily caused by the reduction in transverse dispersion resulting from the formation of the recirculation zone.
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1. Introduction


Rivers are dynamic systems of nature that have meandering curves and sinuous channel patterns. These meandering shapes of rivers significantly influence the topography and flow dynamics of water flow. Meandering rivers are characterized by continuous lateral shifts in their channels, giving rise to patterns that influence the velocity and behavior of water flow within them [1]. This induces complex flow characteristics including secondary flows and recirculation zones, which have significant effects on the transport of contaminants within rivers. In meandering rivers, the flow velocity creates recirculation, which forms complex patterns of water movement and secondary flows [2]. One notable feature associated with meandering river channels is the development of helical secondary flows [3,4,5]. These helical flows, which resemble corkscrew patterns, contribute to mixing within the river. Understanding the role of these flow characteristics is essential for comprehending the complex transport processes occurring in meandering rivers [6].



Furthermore, riverine dynamics are further complicated by the existence of flow recirculation zones in meandering rivers. Tracers and other materials carried by the flowing water are captured in these recirculation zones [7]. As a result, the movement of these tracers in the river becomes complex, and there is a chance that tracer concentration will be abnormally high at both the early and late stages of breakthrough curves due to captured tracers. Investigating these breakthrough curves can provide insights into the temporal evolution of tracer concentrations [8,9], which may offer valuable information about the transport mechanisms influenced by meander-driven flows.



Figure 1 depicts the mixing processes in a meandering river and their effects on solute transport, as indicated by the distribution of concentrations over time at different sections of the river. Section A is located at the inner bend of the meander where the water flow is faster due to the narrower path, which leads to the erosion of the riverbank and the formation of a steep cut bank. Between Section A and Section B is the outer bend where the water flow is slower and is characterized by deep water and recirculating flow. The contaminant transport in these meander-type areas produces concentration–time curves displayed at the right area of the figure, where a Fickian distribution is observed in Section A, which is typically symmetric and bell-shaped [10]. This suggests that the solute is well mixed in this section of the river, and there is an equilibrium between the shear and diffusion processes. The solute concentration increases quickly to a peak and then decreases at the same rate. Section B’s graph is a non-Fickian distribution with a long tail. This suggests complex mixing, possibly due to the slower flow and recirculation that occurred between Section A and Section B. The peak concentration is lower, and the return to the baseline concentration is slower, as indicated by the long tail. This long tail exhibits that the solute is retained longer in the outside bend of the river, and therefore the storage effect is caused by the slower flow and recirculation.



To analyze the introduced characteristic of pollutant transport in meandering rivers, contaminant transport models can be used [11]. These models are utilized as decision-making tools for controlling water quality, assessing current conditions, and responding to chemical accidents. To operate and use contaminant transport models, knowledge about the parameters and processes related to modeling such as contaminant dispersion is required. There are several methods for modeling contaminant transport, including advection and dispersion equation modeling [12]. Advection and dispersion equation modeling is a method that reproduces the contaminant transport through dispersion, and it requires parameters such as the dispersion coefficient.



There are multiple methods for estimating dispersion coefficients, which usually use the observed concentration data curves from conducted tracer field experiments for analysis [13]. These methods based on observed data use theoretical and empirical approaches. The theoretical methods are based on the dispersion theory [14], which is the main reason for concentration spread for transverse mixing throughout the channel. The empirical methods usually utilize a regression technique based on the basic parameters of natural rivers, such as hydraulic radius, depth, width, and geometric parameters using dimensional analysis [15]. Flow structures created by geometrical and hydrologic properties would influence the mixing process due to the creation of the recirculation zone and secondary flows.



The aim of this study is to investigate how discharge changes could affect the size of the storage zone in rivers caused by channel meanders and how they affect the movement of contaminants. By examining the connection between complex flow patterns involving storage zones with meandering rivers, we seek to find the factors contributing to mixing aspects of tracer and concentration changes. Through the exploration of storage zone sizes by meander-driven flows, we aim to develop an understanding of flow dynamics and their effects on contaminant transport in natural rivers. Therefore, we conducted this research as follows: Tracer test results presented by Kim et al. [16] in a natural river were used for validating the contaminant transport model. Next, the quasi-three-dimensional flow analysis model was used to conduct continuous simulations with various discharges to find how different flow cases affect the storage zones in meandering rivers. Then, a detailed analysis of the characteristics of the concentration curve based on changes to the flow conditions, and changes in the storage size (length and width) according to the flow rate change, and a comparison of dispersion coefficient calculation results were conducted.




2. Background Theory and Methodology


2.1. Longitudinal Mixing Process


To analyze longitudinal mixing, many attempts using derivation with equations based on observed tracer tests or models have been made [17,18]. When contaminants are discharged into the river, they go through advective and dispersive transport processes as the water flows downstream. Most rivers have a large aspect ratio with a larger lateral width than the water depth, causing the vertical and lateral process of cross-sectional mixing to be completed in a short period [19]. Therefore, the one-dimensional (1D) model derived by Taylor [20] is generally used in the river mixing analysis. The governing equation of the 1D model can be written as follows:


    ∂ C   ∂ t   = − U   ∂ C   ∂ x   +  ∂  ∂ x     K   ∂ C   ∂ x      



(1)




where C is the cross-sectional average concentration; U is the cross-sectional average velocity; K is the longitudinal dispersion coefficient; and t is the time. The longitudinal dispersion coefficient K is the most important parameter in applying Equation (1) describing the spreading of contaminants downstream within a flow in a river, with higher values indicating more mixing and spreading. To calculate longitudinal dispersion coefficients, many attempts have been made based on observed data from tracer tests [13,15,21,22].



In this study, the moment method, which is commonly used for estimating the longitudinal dispersion coefficient, was applied. The moment method is based on the assumption that the rate of change in variance is proportional to the longitudinal dispersion coefficient. The equation of the moment method is given as follows [23,24]:


  K =  1 2    d  σ t 2    d t    U 2   



(2)






  d  σ t 2  =    σ  t 2  2  (  L 2  ) −  σ  t 1  2  (  L 1  )      t 2   ¯  −    t 1   ¯     



(3)




where Li is the longitudinal distance from the injection point to section i;      t i   ¯    is the centroid of the concentration–time curve;    σ  t i  2    is the variance of the concentration distribution of section i which can be calculated from the moment relationship of concentration–time curve as follows:


   M i  =    ∫ 0 ∞   C   x , y , t    t i     d t  



(4)






   μ t  =    M 1     M 0     



(5)




where Mi is the i-th moment of the concentration–time curve; μ is the mean. From Equations (4) and (5), variance can be calculated by using Equation (6) [25].


   σ 2  =    M 2     M 0    −   μ t  2   



(6)







However, most natural rivers have complex geometry with irregular channel boundaries, and storage zones are generated from various factors [26]. These storage zones lead to the recirculation and stagnation of water, which induce the entrapment of contaminants. This process explains the skewness of the observed concentration distribution with long tailing at the falling limb of the concentration–time curve. Reflecting these effects in the mixing process, the storage zone model explains the relationship between the impact of solute trapping in the recirculation zone and longitudinal dispersion, and the equation is given as follows:


    ∂ C   ∂ t   + U   ∂ C   ∂ x   =  K S     ∂ 2  C   ∂  x 2    +  ε T     C S  − C    



(7)




where Cs is the concentration in the recirculation zone; Ks is the longitudinal dispersion coefficient excluding storage effects;   ε   is the area ratio of storage and flow zones; and   T   is the residence time in the storage zone.




2.2. Numerical Model Descriptions


To evaluate the retention of contaminant in meandering channels by modeling a meandering river with different discharge conditions and estimating longitudinal coefficients using the introduced moment method, the Environmental Fluid Dynamics Code (EFDC) developed by the Virginia Institute of Technology was used in this study [27]. The EFDC is the quasi-three-dimensional hydrodynamic model assuming the hydrostatic condition for the momentum equation in the vertical direction. The model uses the Reynolds-averaged Navier–Stokes equation as the governing equation of flow analysis. The turbulence closure of the horizontal momentum equation was modeled using the Smagorinsky model, whereas the vertical momentum equation was modeled using the Mellor–Yamada turbulence model. Explicit and implicit time-discretizing methods were used, and the model used the finite-difference method to discretize the governing equation. The mass transport model uses the advection–diffusion equation as a governing equation given below.


    ∂   h c     ∂ t   +   ∂   h u c     ∂ x   +   ∂   h v c     ∂ y   +   ∂   w c     ∂ z   =  ∂  ∂ x     h  ε h    ∂ c   ∂ x     +  ∂  ∂ y     h  ε h    ∂ c   ∂ y     +  ∂  ∂ z        ε z   h    ∂ c   ∂ z      



(8)




where  c  is the time-averaged concentration;  h  is water depth;  u ,  v , and  w  are the time-averaged velocity components;    ε h    and    ε z    are the horizontal and vertical turbulent diffusion coefficients, respectively. The mass transport model is fully coupled with the flow analysis model. Under the Reynolds analogy assumption, the turbulent diffusion coefficient is thus equal to the eddy viscosity terms, as determined by the turbulence closure models. This model has been applied to various rivers, lakes, and aquatic environments [28]. With its capability of flow modeling and contaminant transport modeling, a modeling framework based on the EFDC was established to simulate the spatial–temporal variability and transportation mechanism of contaminants such as PCBs [29]. The model also displayed its capabilities in modeling water quality in urban lakes [30]. Additionally, the results of the models could be used for the risk assessment of water quality such as estimating the risk of hazardous materials loading into aquatic environments [31]. Overall, this model is suitable for river and lake modeling, as the USEPA listed the EFDC model as a tool for water quality management [32].





3. Target Area and Methods


3.1. Study Area


The experimental location for the two-dimensional tracer test was selected based on the meandering stream characteristics and ease of access for tracer injection and monitoring. The test was carried out in a natural river, with the reach area having a high sinuosity of 1.66. The study area of the meandering channel known as the Sum River is shown in Figure 2. Tag lines were positioned in this experiment at an interval of about 268 m in order to measure the concentration and hydraulic data. Also, the topography data were collected through RTK-GPS to be used as the geometry data for conducting the numerical simulation.



An Acoustic Doppler Current Profiler (ACDP) was used to measure the flow velocity. SONTEK M9, a multi-band acoustic frequency capable model with profiling ranges up to 0.06 to 5 m depth and velocity up to 20 m/s, was the ADCP used in this work [33]. The channel width was between 20 and 100 m during the flow experiments, so the ADCP operation with the moving boat was carried out using the apparatus attached to a tether line. The hydraulic measurement results by the ADCP (Sontek M9) display that the average discharge rate was 5.9 m3/s, and the average velocities for each section ranged from 0.42 to 0.49 m/s. The channel width ranged from 30 to 40 m, while the water depth ranged from 0.42 to 0.54 m.



The fluorescent dye Rhodamine WT was employed in the tracer test. This dye has been widely used in tracer investigations in natural channels due to its high detectability and environmentally friendly properties [34]. In this experiment, the vertical line source was used to instantly infuse 1.9 L of Rhodamine WT. Due to the installation of optic sensors (YSI-6130 and YSI-600 OMS) in each tag line, the tag lines designated for the measurement portions of the hydraulic measurement were also utilized for the tracer test measurement.




3.2. Model Validation


The EFDC model was used to simulate the flow and water depth of the Sum River in comparison to the measured data from the field experiment. The study area was discretized using a curvilinear grid based on the bathymetry from the field measurement, as described in Figure 3, and the model was set up with the boundary conditions and parameters calibrated from the field measurement. The numerical grid was generated with a total of 7330 cells corresponding to the bathymetry of the study area and was built with dx varying from 3 to 10 m and dy varying from 1 to 5 m spatial resolution. For the vertical grid, the sigma coordinate was used assuming the number of vertical layers is the same for the water column regardless of water depth difference. In this study, 10 vertical layers were used. The time step of the simulation was set to 0.1 s, which was set to the Courant number less than 0.4.



The discharge flow rate of 5.9 m3/s and measured water surface elevation of 62.2 El.m were originally used for the boundary conditions of the model. Figure 4 shows comparisons of the simulation by the EFDC model with the measured depth-averaged velocity and water depth data in order to demonstrate the validation of the model. Flow simulation results adequately reproduced the velocity distribution, with the R2 (coefficient of determination) and normalized root mean square error (RMSE/U), which were specifically determined at the measured sections as 0.738 and 0.713; 0.27 and 0.32, respectively, which are acceptable values.



Comparisons of the simulation by the EFDC model with the measured tracer experiment results are displayed in Figure 4. Agreements between the measured tracer data and the EFDC simulation are generally good in the measured sections in Figure 5 with the R2 and normalized RMSE with peak concentration (RMSE/Cpeak), which were specifically determined at the measured sections as 0.600 and 0.952, 0.17, and 0.08, respectively. Agreements between the measured tracer data and the EFDC simulation are generally good in the measured sections. Section 1’s concentration–time curve exhibits symmetric characteristics in the simulation, while the real measured tracer data already have a curve with a longer tail. In the measurements, frictions due to channel irregularities create a long tail based on the non-Fickian mixing properties, where the balance between shear advection and vertical diffusion is incomplete [35]. On the other hand, the simulation results reproduce balanced results between shear advection and vertical diffusion based on the Fickian dispersion. These discrepancies decrease as the balance is accomplished. However, in the recirculation zone between Section 1 and Section 2, solute trapping occurs, creating a long tail in concentration curves. Through these mixing processes, the model exhibits high similarities in Section 2, which is located after the river bend. The model was successful in capturing the effects of the recirculation zone at the bend but had more difficulty in modeling retention effects before the meander in Section 1. After this validation, continuous modeling simulations with different discharge values were conducted using the model to determine the effects of discharge changes on the recirculation zone and contaminant spread.





4. Results


4.1. Occurrence of Recirculation Zone in the Channel Meander


For additional modeling using various discharge data in order to determine its effects on the recirculation zone, the discharge values were increased in increments of 3 m3/s based on continuous simulation, and the results indicated that a significant size increase to the recirculation zone appeared in discharge rates over 9 m3/s. The downstream boundary conditions using water levels for various discharge conditions were based on the measured data from a bridge located downstream from the field experiment site. The bridge had an automatic flow meter using an ADVM (acoustic Doppler velocity meter). Figure 6 compares the measured data from the gauge site with the conventional power function equation   Q = 66.171 ×   ( h − 0.34 )   3.14    , which was created using the measured values before the field experiment was conducted. The stage–discharge equation is in good fit with the measured values in discharge rates below 100 m3/s, which includes the range in this research. Figure 7 shows the simulation results of the 2D velocity contour of case Q = 18 m3/s.



In meandering channels, flow recirculation at the outer bank occurs through rotation along a horizontal, streamwise axis, which shows a separation alongside the main flow. The friction-induced decrease in flow velocity close to the outer bank, which can produce tiny vortices, is what can cause the outer bank cell. Under most flow conditions, the flow velocity close to the outer bank is significantly lower than the flow velocity of the main flow. To find the characteristics and changes to the recirculation pattern at the meander of the natural river, additional modeling simulations using various discharge rates were conducted. The simulation results with streamlines are presented in Figure 8 in UTM coordinates, indicating that the recirculation zone area increased as the discharge increased.



The size of the recirculation zone in Figure 8 in the streamwise and spanwise directions is quantitively depicted in Figure 9. The streamwise direction was defined as the general direction of the bulk flow of the river, which can be seen with the streamlines outside of the recirculation zone. In all cases with increasing discharge, the recirculation zone size did not change significantly for the spanwise direction but increased accordingly in the streamwise direction, as the recirculation zone area increased due to discharge increase. This could indicate that, in meandering channels, higher volumes of water flow could contribute to larger areas of reverse flow in the direction of the river. Also, with higher discharge values, the size increase in the recirculation zone became smaller, which is related to the size of the outer bend in the meandering channel, as the size of the recirculation zone cannot be greater than the size of the outer bend.




4.2. Analysis of the Longitudinal Dispersion Coefficient Affected by the Recirculation Zone


Table 1 lists the skewness values for concentration curves derived from model results at different discharge rates. Skewness is normally a statistical measure that describes the asymmetry of the distribution, and in the case of concentration curves, it explains whether the peak of the distribution is leading or lagging the center of mass of the curve, as shown in Equation (9). In all cases, the skewness increased from Section 1 to Section 2, due to the effect of the recirculation zone located between the sections, which affected the tail of the concentration–time curves. An interesting point is that as the discharge increased, the skewness value tended to decrease in Section 2, which implies that the peak of the concentration curve becomes more symmetrical and centered as the flow rate increases. This could be due to increased mixing and a more uniform velocity profile at higher discharges, which leads to a more evenly distributed tracer plume. Thus, the skewness difference (  Δ ξ  ) between Section 1 and Section 2 also decreased with the increase in the flow rate. According to Figure 10, the cross-sectional average concentration–time curves for case Q = 5.9 m3/s imply that when concentration values are displayed relative to the concentration peak, the curves for Section 2 and the center of recirculation have longer tails with higher skewness values.


   ξ t  =    M 3  /  M 0  − 3  μ t   M 2  /  M 0  + 2   μ t  3          σ t  2      3 / 2      



(9)







To determine the effect of increased discharge on the longitudinal dispersion coefficient K, the centroid and moments of concentration distribution for the measured sections were calculated for the estimation of K. Figure 11a displays that the values of the longitudinal dispersion coefficient K increase in comparison to the increase in discharge. A scatter plot illustrates the relationship between the longitudinal dispersion coefficient K and the area of the recirculation zone estimated by using the streamlines in Figure 8, where the region of reverse flow separate from that of the main flow is apparent, denoted in square meters (m2) in Figure 11b. As the area of the recirculation zone increased, the longitudinal dispersion coefficient K also tended to increase. This suggests that larger recirculation zones might enhance the mixing of substances within the flow. Another factor involved in the increase in the longitudinal dispersion is the cross-sectional velocity deviation in the transverse direction. Figure 12 depicts the simulated cross-sectional velocity deviation in the transverse direction at the center of the recirculation zone. The intersection points depicted in Figure 12, where y/W ranges from 0.35 to 0.4, are created near the boundary of the recirculation zone. Around the intersection points, the velocity deviation across the channel width increased, and the results indicated that in the recirculation zone, the activation of the shear flow dispersion occurred. Furthermore, the velocity deviation increased even more with an increase in the flow rate. The difference in how higher discharge values resulted in a higher difference between the lower and higher velocity values, which led to higher shear flow, and this could be a reason why the longitudinal dispersion K value increased with higher discharge values.




4.3. Analysis of the Concentration Curves Affected by the Recirculation Zone


The effects of discharge increase on the recirculation zone and contaminant retention were further investigated by calculating the amount of cumulative contaminant passing through the recirculation zone. Figure 13 shows the change in dimensionless dosage depicted at the channel. In higher discharge flows, the total cumulative contaminant passed more through areas not in the recirculation zone, due to a higher relative velocity in the higher discharge model results. This proves that a higher discharge can lead to larger recirculation zones, but the amount of contaminant that is actually being transported into the recirculation zone could decrease since more parts of the contaminant are being transported by the main flow outside the recirculation zone.



Additional analysis was carried out, with the results shown in Figure 14. The graph depicts the variation in the concentration normalized by the peak concentration over time, which was plotted for different discharge values in the recirculation zone. The curves display the normal pattern in concentration–time curves, where the concentration quickly rises to a peak and then gradually declines due to various reasons, one of which is the effect of storage zones. The graph analysis indicates that when the discharge value increased, the time taken to attain the peak concentration decreased. The lowest discharge case took the longest time to reach its peak, while the highest discharge case reached its peak the quickest. This implies that a higher discharge rate leads to a faster transport of the substance at the center of the recirculation zone. After reaching the peak, each curve descends at different rates, with the higher discharge rates generally declining more quickly, which may suggest that the substance stays shorter in the recirculation zone at higher discharge rates. This may possibly be due to the greater momentum generated by higher velocity overcoming the recirculating motion [36], which may retain the contaminant shorter before it is transported out of the zone.





5. Discussion


The storage zone generated in the river meander bends generates a long tail on the concentration–time curve [37], affecting the results of the one-dimensional longitudinal dispersion (K) of rivers. However, the recirculation zones generated in the river meander bends influence the three-dimensional flow structure, thus imposing limitations on interpretation using one-dimensional storage zone models. Therefore, we analyzed the influence of storage zones on the cross-sectional average concentration–time curves by using the quasi-three-dimensional simulation results. Additional analysis of the concentration–time curves in Figure 14 was conducted by calculating the Chatwin parameter using the tail part of the concentration–time curves for various discharge rates at the center of a recirculation zone, with the following equation:


  C W P = ±   t ln      C  max      t  max       C  t         



(10)




where tmax is the time when the maximum concentration (Cmax) occurs. This parameter often relates to the analysis of dispersion in flows, especially in cases of contaminants or tracers in rivers. Figure 15 is the calculation result of Chatwin’s parameter change in time for different discharge rates. The values in the figure decrease over time for all discharge values since it focuses on the time of the concentration tail, but the slope of the values changes according to the differences in discharge cases. The fact that the curves are not parallel indicates that the rate of dispersion, or the size of the trapped concentration due to the storage zone, is not constant across the different discharge values. It is known that the calculated values of Chatwin’s parameter follow a linear line when the concentration–time curve follows the Gaussian distribution. All model results using different discharge display different slopes, indicating that there could be a relationship between the discharge rate and the efficiency of mixing or spreading within the recirculation zone. The slope exhibits the asymmetric characteristics of the tail in the concentration curve, which could allow for the prediction of how long contaminants could remain concentrated in a particular area such as the recirculation zone in the meandering area. The higher slope in Figure 15 with the high discharge demonstrates that higher discharge values result in the tail of the concentration curve becoming shorter.



Figure 11a indicates that the longitudinal dispersion increases with higher flow rates. According to the theoretical interpretation of shear dispersion by Fischer [24], the increase in longitudinal dispersion results from increased velocity deviations across the channel cross-section and reduced transverse dispersion. As depicted in Figure 11a and Figure 12, higher flow rates lead to an increase in velocity deviation, indicating higher shear flow, which leads to an increase in longitudinal dispersion, similar to the theoretical interpretation. Moreover, the enlarged recirculation zone size contributes to reducing transverse dispersion, as evidenced by flatter dosage curves under lower flow rate conditions (Figure 12), consistent with the findings of previous research [10]. These results align with field experimental results [37,38,39], where the longitudinal dispersion coefficient excluding storage zone effects was estimated to be smaller than the K values obtained after incorporating storage zone effects.



To determine the parameters of the storage zone model (  ε   and   T  ), previous studies have employed the curve-fitting method, which estimates optimal parameters to replicate measured C-t curves [40,41]. The simulation results (Figure 8 and Figure 14) suggest that the storage zone parameters can be directly estimated instead of relying on the curve-fitting method. Figure 16 illustrates the relationship between the mass exchange rate (    ε  /  T    ) and K, incorporating the effects of the storage zone. The findings indicate that longitudinal dispersion accelerates with the development of the recirculation zone, accompanied by an increase in the exchange rate coefficient between the flow and the storage zone,     ε  /  T    . The intensification of recirculation zones due to increased flow rates leads to an elevation in the exchange rate coefficient between the flow and storage zone, fostering active mass exchange between these zones and mitigating contaminant trapping within the storage zone. Consequently, higher flow rates result in the formation of a strong shear plane at the boundary of the recirculation zone, reducing the influx of contaminants into the storage zone and facilitating the rapid transfer of contaminants from the storage zone to the mainstream. As a result, the contaminant trapping effect in the storage zone diminishes, leading to a decrease in transverse dispersion and an increase in the dispersion of contaminants through the flow zone.




6. Conclusions


In this study, the storage zone size changes caused by various discharge rates and how they affected the movement of contaminants were examined by modeling and tracer tests. A field experiment was conducted in a natural river and the measured tracer data were used for the validation of the EFDC model. Through the modeling of storage zones based on different discharge conditions, our research found that the recirculation zone size can increase due to discharge increase. The greater flow rate caused velocity deviation to increase over the cross-section as the recirculation zone increased.



Then, an analysis of the characteristics of the concentration curve by changes in the length and width of the storage zone and a comparison of dispersion coefficient results were performed. The findings demonstrated that because of the greater relative velocity in the model results at higher discharge flows, the total cumulative contaminant could pass more through areas outside the recirculation zone even though the recirculation zone size increased. Moreover, with higher discharge rates, the contaminant spent less time in the recirculation zone. This could potentially be attributed to the increased momentum generated by surpassing the recirculating motion at a higher velocity. The enlarged recirculation zone size can contribute to reducing transverse dispersion, as evidenced by flatter dosage curves under lower flow rate conditions. These findings suggest that the concurrent effects of recirculation zone development, namely a higher velocity deviation across the channel width and a reduction in transverse dispersion, contribute to an increase in longitudinal dispersion. Understanding these dynamics could be valuable for future research in this field.
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Figure 1. Storage effects of mixing process at the river meander. 






Figure 1. Storage effects of mixing process at the river meander.



[image: Water 16 01170 g001]







[image: Water 16 01170 g002] 





Figure 2. The study area of Sum River. 
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Figure 3. Topography data with measured bed elevation. 
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Figure 4. Comparison of the simulated velocity and water depth profile against measurements: (a) Section 1; (b) Section 2. 
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Figure 5. Comparison of the simulated concentration–time curve against measurement: (a) Section 1; (b) Section 2. 
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Figure 6. Comparison of stage–discharge equation and measured values. 






Figure 6. Comparison of stage–discharge equation and measured values.



[image: Water 16 01170 g006]







[image: Water 16 01170 g007] 





Figure 7. Simulated velocity field for case Q = 18 m3/s. 
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Figure 8. The recirculation size changes by discharge rate in models with streamlines. 
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Figure 9. Relationships between the spanwise and streamwise recirculation zone length and discharge. 
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Figure 10. Cross-sectional average concentration–time curves for Q = 5.9 m3/s. 
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Figure 11. Relationships between the longitudinal dispersion coefficient K and (a) discharge and (b) area of recirculation zone. 






Figure 11. Relationships between the longitudinal dispersion coefficient K and (a) discharge and (b) area of recirculation zone.



[image: Water 16 01170 g011]







[image: Water 16 01170 g012] 





Figure 12. Cross-sectional velocity deviation in the transverse direction at the section with the center of the recirculation zone. 
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Figure 13. Spanwise dimensionless dosage changes starting from the recirculation zone. 
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Figure 14. The concentration–time curve changes from the center recirculation zone. 
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Figure 15. The Chatwin parameter from concentration–time curves at the center of the recirculation zone. 
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Figure 16. Relationship between the mass exchange rate and the longitudinal dispersion coefficient. 
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Table 1. Skewness comparison in Section 1 and Section 2 for all cases.
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Case

	
R2

	
    Δ ξ    




	
Section 1

	
Section 2

	






	
Q = 5.9 m3

	
0.635

	
3.233

	
2.60




	
Q = 9.0 m3

	
0.626

	
3.035

	
2.41




	
Q = 12.0 m3

	
0.587

	
2.950

	
2.36




	
Q = 15.0 m3

	
0.545

	
2.839

	
2.29




	
Q = 18.0 m3

	
0.508

	
2.712

	
2.20
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