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Rivers are important passages for land-based materials transported to the sea, such as fresh water, sediment, pollutants, and nutrients. River discharge with land-based materials will form a river plume with a buoyancy flow. The river plume is subject to the interaction between nearshore runoff with seawater. In this study, the movement characteristics of the river plume are investigated based on particle image velocimetry (PIV) and the dye tracing method. It is found that the change of flow rate and environmental water density will shape the river plume pattern in both the plan view and the side view. The combined effect of flow rate and environmental water density could be described by the Froude number. The river plume has a free surface in the x-z plane and the horizontal velocity of the plume can be fitted with a 1/2 Gaussian distribution curve. The change of flow rate has little effect on the type of plume thickness curve, while the increase of environmental water density will change the thickness curve type of the river plume. The stable thickness of the river plume increases with the increase of the Froude number. The maximum value of turbulent kinetic energy is located in the middle layer, and the increase of the flow rate or the density difference leads to the increase in the turbulent kinetic energy.
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   1 Introduction

 Rivers are important passages for land-based materials transported to the sea. Lots of fresh water, sediment, pollutants, and nutrients are discharged into the adjacent sea area through estuaries. Land-based materials will directly affect the near-shore water environment and the aquatic ecological conditions. The impact area and the impact extent of land-based materials carried by rivers are primarily affected by the hydrodynamics of the river discharged into the sea. From the perspective of coastal environmental hydraulics, the discharge of rivers with land-based materials will form a river plume with a buoyancy flow. The river plume is the interaction between the nearshore runoff with the seawater (Cameron and Pritchard, 1963).

 River plume has several characteristics that distinguishes it from pipe flow. The spatial scale of a river plume is much larger than that of a pipe flow. The river plume has a free surface and will move above the ambient water due to buoyancy. Similar to the jet or plume flow formed via a pipe, the movement and transport of river plume is driven by the momentum of the river and the dynamic conditions of the environmental water. Therefore, there are two main types of factors affecting the mixing and transport of river plume. One is the parameters related to the river plume itself, such as the flow rate, the estuary width, and the angle between river plume and coastline. The other is the parameters related to the environmental water, such as the water depth, the tidal current, and the wave. Due to the huge kinetic energy contained in the runoff, an interface of the upper freshwater layer and the lower salt water layer is formed. The interface shear is quite strong, resulting in the lower low-momentum and high-salinity water being swept and mixed by the upper flow (Garvine, 1975). At the same time, the various substances carried by the runoff, especially the pollutants and nutrients suspended in it, are also mixed and diluted by the mixing of freshwater with salt water.

 Over the past decades, many researchers have conducted various studies on the river plume and analyzed the salinity change, the front structure, and dynamic process affected by it through field measurement data and the numerical simulation method. For example, Lentz (2004) developed a scale analysis theory to distinguish the features related to the river plume such as flow type, structure, and propagation velocity. Horner-Devine et al., (2009) provides a conceptual summary of the interaction between recirculated buoyancy flow and tides by cruise data. The tide modifies the structure of the plume in the region near the river mouth. The tidal plume flows over the top of the re-circulating plume and is typically bounded by strong fronts that may penetrate well below the re-circulating plume water and eventually spawn internal waves that mix the re-circulating plume further. In addition to the tide, the dynamic action of environmental fluid also includes wind and wave. The influence mechanism of wind on the mixing of estuarine plumes is different from that of tidal current. The wind increases the turbulence intensity on the surface of the flow, thereby enhancing the mixing effect of river plumes and ambient fluid. The wind also generates wind-driven flow on the surface of the water, affecting the movement track of river plumes (Nezlin and DiGiacomo, 2005; Feddersen et al., 2016; Rijnsburger et al., 2018; Qu and Hetland 2019). The impact of waves on river plumes is mainly that the frontal incoming waves increase the broadening of river plumes (Nardin et al., 2013).

 However, the field observation of a river plume has certain limitations, which cannot accurately realize the motion observation of all water masses within a certain range. Therefore, laboratory experiments are required as a supplement to conduct more targeted research on the structure and movement characteristics of a river plume. Yuan et al. (2011, Yuan and Horner-Devine 2013) compared the river plume in the laboratory with and without lateral limits and found that lateral spreading dramatically modifies the plume structure. The spreading plume layer consists of approximately linear density and velocity profiles that extend to the surface, whereas the channelized plume profiles are uniform near the surface. Yuan et al. (2018) studied the influence of periodically changing flow on coastal buoyancy flow through the laboratory rotating platform. It was found that the bulge geometry oscillates between a circular plume structure that extends mainly in the offshore direction, and a compressed plume structure that extends mainly in the alongshore direction. The oscillations result in periodic variations in the width and depth of the bulge and the incidence angle formed where the bulge flow re-attaches with the coastal wall.

 Despite meaningful results from previous research, laboratory investigations of river plume are still insufficient. The effect of the buoyancy and the flow rate on the movement characteristics of the river plume has been less studied. In fact, the difference in density between the upper and lower fluid layers has a great influence on the change of fluid turbulence intensity and velocity. The mixing process and movement characteristics of a river plume under the effect of different buoyancy and the plume flow rate are comprehensively studied using particle image velocimetry (PIV) technology. The main contents of this paper are organized as follows. In Section 2, the experimental setup and PIV measuring system are briefly described. The results, including the river plume qualitative description, the river plume quantitative flow field, Gaussian distribution of horizontal velocity, the river plume thickness, and the turbulent kinetic energy of the river plume, are presented in Section 3. Finally, conclusions are summarized in Section 4.

 
  2 Methodology

  2.1 Experimental setup

 As shown in  Figure 1 , the experiment was conducted in a rectangular tank (1.5m long, 0.6m wide, and 0.5m deep). The rectangular tank was made with transparent acrylic plates with a good light transmission. The river plume was discharged from the right side of the rectangular tank, and the left side was designed with extra length as a buffer to reduce the backflow. The source of the river plume is a constant water tank located 3.0m above the rectangular tank, which is connected to a rectangular channel through a pipe. The center of the river mouth water surface was defined as the origin of the Cartesian coordinate. x positive direction is right, representing the onshore coordinates; z positive direction is upward, representing vertical coordinates; y is alongshore coordinate. The mouth of the rectangular channel is submerged in the environmental water. The width of the rectangular channel is 5 cm and the slope is 0.16.

  

 Figure 1 | Diagram of the experimental setup: qualitative plan-view experiment (A) and qualitative and quantitative side-view experiment (B). 

 

 Two stages of experiment were designed in this study: the qualitative and the quantitative measurement. In the qualitative experiment, the plume was stained with dye, and two cameras were set above and in front of the rectangular tank, similar to the work of Pan et al. (2022). As a result, the planar view of the plume movement at the x-y plane and the side view at the x-z plane were captured. For quantitative experiments, the velocity of the plume movement at the x-z plane was recorded by the PIV system. The size of the field of view (FOV) was 35 cm × 12 cm.

 
  2.2 PIV system and post-processing

 The PIV system consists of a high-speed camera with 2-Gigabyte-memory storage and a continuous laser with a wavelength of 532nm. The resolution of the high-speed camera is 2048 × 2048 pixels. The camera framing rate was set to 200fps. The output power of the MGL-W-532 solid state laser was set to 8W. In the experiment, the incident light of the laser was parallel to the rectangular tank bottom and then was reflected by a plane mirror which had an angle of 45° with the bottom. As a result, the laser light could pass vertically upwards through the central axis of the river plume. The thickness of the laser light was about 2mm. Hence, the river plume was illuminated by the laser light. At the same time, tracer particles with a diameter of 50μm were added into the river plume.

 A multi-grid interrogation method, which can increase the spatial and temporal resolution of flow field (Hsieh, 2008; Hsieh et al., 2016), was used in the post-processing stage. The multi-grid interrogation method consisted of three different interrogation window sizes: 32×32 pixels, 16×16 pixels, and 8×8 pixels. All passes adopted a 50% overlap between adjacent sub-windows. In traditional PIV image processing, a fixed time interval is usually used to calculate flow field. But if the velocity gradient is large (i.e., jet), adopting a fixed-time interval will inevitably result in bias error when calculating relatively small velocities. By adopting the multi-time interval method, the aforementioned bias error can be reduced. Four different time intervals (1, 3, 9, and 21) were used in this method; the most suitable time interval would be selected to reduce errors in the post-processing stage. Details of this multi-time interval algorithm can be found in Hsieh et al. (2016).

 
  2.3 Experimental cases

 In this study, nine cases of river plume were carried out for both the qualitative dyeing experiments and the velocity measurements. The specific parameters of the experimental cases are shown in  Table 1 . The effects of the buoyancy change and the flow rate on the movement characteristics of the river plume were examined.

  Table 1 | The parameters of the experiments. 

 

 The initial velocity of the plume could be calculated by using the initial flow rate. The reduced gravitational acceleration was used to describe the effect of different buoyancies. Hence, the Froude number Fri , which is the ratio of inertial force to the buoyancy, could be described as

  

 Where ρ 0 is the density of ambient fluid, ρ is the density of inflow, and g is gravitational acceleration,

  

 Where U 0,  , and H 0 represent the velocity, reduced gravity, and the maximum depth of river plume inflow. The Reynolds number of each case is also listed in  Table 1 .

  

 Where μ represents the dynamic viscosity of the water.

 In these cases, Fri  ranges from 0.54 to 3.13. If Fri  > 1, the flow is supercritical and if Fri  < 1 the flow is subcritical. Re ranges from 7404 to 13021, indicating that the flow of each case is turbulent.

 
 
  3 Result and discussion

  3.1 Qualitative description of river plume

 River plume generally enters the ocean from a channel with a certain gradient. In this study, the slope is set to 0.16. The dynamic processes of a river plume movement could be divided into the near-field process and the far-field process. In the near-field area, the initial velocity of the river plume causes the velocity shear and turbulence mixing with the sea water, and the density difference between the river plume and the sea water will cause a lateral expansion of the plume. In the far-field of the plume, the thickness of the plume tends to be stable and the mixing between the two water layers is weakened. The plan view and side view of the river plume in the qualitative experiments are illustrated in  Figures 2 ,  3 . All sets of the views were captured when the river plume was steady.

  

 Figure 2 | Plan and side view of plume with an ambient water density of 0.9997g/cm3: plan-view of Case ND-1,ND-2 and ND-3 (A–C),side-view of Case ND-1,ND-2 and ND-3 (D–F). 

 

  

 Figure 3 | Plan and side view of plume with the flow rate of 2.5lpm: plan-view of Case ND-3, HD-3 and ED-3 (A–C),side-view of Case ND-3, HD-3 and ED-3 (D–F). 

 

   Figure 2  shows the qualitative description for cases ND-1, ND-2, and ND-3. The Froude number Fri  of these three cases are larger than those in other cases; ND-3 is the largest of all groups and the flow is supercritical. For the plan view of these three cases, the river plume appears as jet-like currents with large offshore velocities and begins to show the tendency to expand laterally after maintaining the jet-like state. The change of plume shape caused by the increase of initial velocity shows that the lateral diffusion trend of plume decreases slightly within the observation range.

 For the side view of these three cases, it is found that the plume maintains a steady state with a relatively constant thickness after a certain downward intrusion at the estuary. The stable thickness of the river plume in case ND-1 is obviously smaller than that in case ND-2 and case ND-3, and the stable thickness of the river plume in ND-3 is slightly greater than that in case ND-2. Comparing the pattern of mixing between the river plume and the ambient fluid, the mixing in case ND-1 is the weakest blending, and the interface between the river plume and the ambient fluid was the smoothest and most stable in the three cases. The mixing between the river plume and the ambient fluid in case ND-2 and case ND-3 at the interface was significantly stronger. The Kelvin–Helmholtz instability at the interface was more obvious in the two cases. In the observation of qualitative experiments, it is found that a more obvious vortex is formed when the front of the river plume interacts with the ambient fluid.

   Figure 3  is the plan view and side view of the river plume at three ambient fluid densities at a flow rate of 2.5 LPM, namely case ND-3, case HD-3, and case ED-3. Among the three cases, ND-3 has the largest Fri , followed by Fri  of HD-3, with Fri  of ED-3 being the smallest.

 In the sets of plan view, unlike case ND-3(high Fri ) which shows a strong jet-like state, flows of case HD-3 and case ED-3 only maintain the offshore direction at the central axis and within a certain width, while the edge of the plume shows a clear lateral spread trend. In other words, the alongshore movement of the two plumes are significantly stronger than that in case ND-3. The higher the ambient fluid density is, the more obvious the lateral spread trend of the river plume is, and the river plume shape changes from a “trumpet” shape to “fan” shape.

 In the sets of side views, the plume pattern of case HD-3 and case ED-3 are quite similar and differ greatly from case ND-3, and the Kelvin–Helmholtz instability at the interface gradually decreases with the increase of the ambient fluid density. That is to say, the increasing of the ambient fluid density limits the mixing at the interface between the river plume and the ambient fluid.

 
  3.2 Flow field of river plume

 The flow field of the river plume in all cases is shown in  Figure 4 . It is obvious that the flow field of the river plume is distributed with the maximum velocity at the surface layer. The velocity decreases gradually along the downward water depth, and the velocity of each layer of the river plume decreases gradually along the entrance toward the offshore direction. With the increase of the flow rate, the overall velocity of the river plume increases (the average surface velocities of HD-1, HD-2, and HD-3 are 2.2, 3.4, and 4.7 cm/s respectively); the high velocity range of plume also increases, while the low velocity range changes a little.

  

 Figure 4 | Flow field of the river plume in all cases: Case ND-1 (A), Case ND-2 (B), Case ND-3 (C),Case HD-1 (D), Case HD-2 (E), Case HD-3 (F), Case ED-1 (G), Case ED-2 (H) and Case ED-3 (I). 

 

 Due to the slope of the rectangular channel being 0.16, in case ND-2 and case ND-3, the direction of velocity vectors at the middle and bottom layer presents a downward direction deviating from the horizontal in the near mouth, but after moving for a distance under the buoyancy effect (relatively smaller than in HD and ED groups), they gradually change to deviating from the horizontal to the upward direction.

 For the plume in case HD and ED groups, their velocity vectors all deviate from the horizontal upward direction near the river mouth. After moving to the surface, the velocity vector turns to the horizontal direction. It indicates that the buoyancy effect on the plume is obviously greater than the effect of its inertial force in these cases, and it is consistent with the phenomena in the plan view of  Figure 3 . Under the action of buoyancy, the flow in the lower layer gradually rises to the surface, and the fluid that was originally on the surface of the plume is pushed to two flanks.

 
  3.3 Gaussian distribution of horizontal velocity

  Zhao et al. (2019) fitted the vertical velocity of the vertically discharged buoyant flow with a Gaussian distribution curve and the vertical velocity in different water depths conforms to the curve well. The horizontal velocity distribution along the water depth of the river plume in this study also follows the Gaussian distribution well. The river plume has a free surface in the x-z plane, and the surface velocity is maximum. Therefore, this paper selects half of the Gaussian distribution to fit the horizontal velocity of the river plume and uses the axis of the Gaussian distribution to correspond to the horizontal velocity of the free surface, obtaining a good fitting effect. Yuan et al. (2018) used the variance of Gaussian distribution to define the width of plume in plan-view (b=Cσ). According to the experimental observation and freshwater conservation, C was set to 4, which was consistent with the width of buoyancy flow. In this study, we use C=2.2 to represent the horizontal velocity distribution width of each section because half of the Gaussian distribution was fitted with the data.

   Figure 5  shows the fitting result of the horizontal velocity of each section for case ND-1, case ND-2, and case ND-3. The horizontal velocity of each section in the three cases increases significantly with the increase of flow rate and decreases with the increase of offshore distance. The distribution width of horizontal velocity also decreases along the river plume movement direction.

  

 Figure 5 | Gaussian distribution of horizontal velocity of ND groups: Case ND-1 (A), Case ND-2 (B) and Case ND-3 (C). 

 

   Figure 6  shows the fitting result of the horizontal velocity of each section for case ND-3, case HD-3, and case ED-3 under the condition that the plume flow rate is 2.5 LPM. The horizontal velocities of each section in the three groups change a little with the density of the environmental fluid, while the distribution width of the horizontal velocities change greatly. The increase of environmental fluid density reduces the width of horizontal velocity distribution at the same location, but each section still conforms well to the Gaussian distribution.

  

 Figure 6 | Gaussian distribution of horizontal velocity of D-3 groups: Case ND-3 (A), Case HD-3 (B) and Case ED-3 (C). 

 

 
  3.4 Thickness of the river plume

 The water depth where the horizontal velocity drops to 1/e of the surface velocity is defined as the plume thickness in this study, which is similar to the definition of the half-width with a free jet. Starting from the maximum thickness location, the thickness scatter points of the river plume on each section were fitted with different types of curve, as shown in  Figure 7 .

  

 Figure 7 | Thickness of river plume in different cases: ND group (A) and D3 group (B). 

 

 For the cases in the ND group, the densities of environmental water are the same. The thickness change along the river plume movement direction is similar in these cases, and the curve types do not change. All of them in these three cases are the inverse tangent function type, and the increase of flow rate only causes the change of parameter A1. The thickness in case ND-2 and case ND-3 increases first and then decreases along the river plume movement direction, and the decreasing of the flow rate makes the thickness curve tend to be flat. For the cases in the D-3 group, the change of the environmental water density causes a great change in the shape of the thickness curve. The shape of the thickness curve changes from an inverse tangent curve to a log curve with the increase of the environmental water density. The thickness curves of case HD-3 and case ED-3 are in the form of log curves. Compared with case HD-3, the environmental water density in case ED-3 is higher, resulting in the maximum thickness of plumes being smaller, the stable thickness being smaller, and the decreasing rate of the thickness from the maximum thickness to the stable thickness being significantly smaller.

 Under the effects of the buoyancy and the inertial force, the upper and lower layer of water shear with each other and the plume thickness changes along the river plume direction.  Figure 8  shows the relationship between the thickness of river plume after reaching stability with the Froude number Fri . The Froude number of case ED and HD groups is relatively small, and the stable thickness of the river plume will be small. The scattered points lie in the lower left corner. The Froude number of case ND group is relatively large, and as a result the stable thickness of river plume is also large. An obvious linear relationship could be found between the stable thickness of the river plume with the Froude number. It indicates that the Froude number is a key parameter to describe the behaviors of the river plume.

  

 Figure 8 | The relationship between the stable thickness and the Froude number. 

 

 
  3.5 Turbulent kinetic energy

 Turbulent kinetic energy is an important parameter reflecting the turbulent characteristics of river plume. Turbulent kinetic energy is defined as follows:

  

  

  

  

 Where, k is turbulent kinetic energy and  is the fluctuating velocity, defined as the D-value of velocity ui  and average speed  . Therefore, the turbulent kinetic energy at the measuring point is ki = kUi + kVi .

 In the flow field, the turbulent kinetic energy ki  is used to represent the velocity fluctuating energy, that is, if the turbulent kinetic energy at a certain position is higher, there will be greater velocity fluctuating, and more energy transfer and dissipation.

 We chose the section where the plume thickness is the largest as an example. The distribution of turbulent kinetic energy along the water depth in such a section was drawn in  Figure 9 . It is obvious that the increase of flow rate will cause the increase of turbulent kinetic energy. In each case, the maximum value of turbulent kinetic energy is located in the middle layer, and the turbulent kinetic energy gradually increases from the surface to the middle layer and then decreases to the bottom. The turbulent kinetic energy of the surface layer is obviously smaller than that of the middle layer. At the bottom boundary of the plume, the mixing of plume makes the velocity in this area reduce significantly. The increase of environmental water density will also enhance the turbulent kinetic energy. MacDonald and Geyer (2004) measured the velocities at three passes at the estuarine front in Fraser River, and the distribution shape of TKE production is quite similar to this study. TKE of the pass with higher salinity is significantly larger, and the peak is also closer to the upper layer. The results here verify the distribution pattern of TKE, and show the change of TKE under the influence of environmental water density and flow rate. A higher TKE production implies that the mixing between the river plume and the ocean will be increased and will enhance the exchange of substances.

  

 Figure 9 | Turbulent kinetic energy at the maximum thickness section: ND group (A), HD group (B) and ED group (C). 

 

 
 
  4 Conclusions

 In this study, the mixing process and movement characteristics of a river plume under the effect of different buoyancies and the plume flow rates are comprehensively studied using particle image velocimetry (PIV) technology. The main conclusions are summarized as follows.

  	 (1) The change of flow rate and environmental water density will shape the river plume pattern in both the plan view and the side view. The combined effect of flow rate and environmental water density could be described by the Froude number. 

 	 (2) The river plume has a free surface in the x-z plane and the horizontal velocity of the plume could be fitted with a 1/2 Gaussian distribution curve. 

 	 (3) The thickness of the river plume increases with the increase of flow rate, and the increase in the density of ambient water changes the shape of the plume thickness curve from an arctan-type to log-type. The stable thickness of the river plume increases with the increase of the Froude number. 

 	 (4) The maximum value of turbulent kinetic energy is located in the middle layer, and the increase of the flow rate or the density difference leads to the increase in the turbulent kinetic energy. 
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