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Abstract: Stabilization of the banks and bed of the river is an important problem in river engineering works. River bed 

scouring is a major environmental problem for fish and aquatic habitat resources. Using a bed sill is one approach that can be 

used to prevent waterway bed scouring. In this study, a concave bed sill was tested in an experimental program with movable bed 

condition. In addition to the experimental program, numerical simulations were undertaken to explore the flow characteristic 

around concave bed sill. In experiment the results showed that most scouring occurred at the channel sides, while deposition 

occurred in the middle of channel downstream of the concave bed sill. During the experiment two dimensional flow velocity was 

measured using particle image velocimetry (PIV). It was found that a vortex formed at the sides and downstream of the concave 

bed sill and then stretched to the middle of the channel. The results also indicated that there was minimum flow vorticity intensity 

at the center of the channel where deposition occurred. The numerical results were compared with this experimental data to 

validate the numerical simulations. The numerical results confirmed that for a concave bed sill, similarly a vortex formed at the 

side of the channel which created the maximum scouring depth at the side wall and with following deposition of sediment 

particles in the centerline of the channel. 
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1. Introduction 

One of the consequences of the erosive action of flowing 

water on the bed and banks of alluvial river is scouring. The 

scouring of sediment particles from the bed and banks of a 

river creates problem in natural and artificial channels. In 

contrast, the deposition of sediment particles produces 

riverine habitat problems too.  

Using bed sill is one of the most beneficial methods for 

prevention of scouring in the river bed ([1, 4]). Some studies 

were also made on bed scouring downstream of linear bed sill 

constructed at right angle to flow direction and under different 

flow conditions by [4, 3, 12, 15]. In these studies it was found 

that the maximum scouring created uniformly in transverse 

direction at downstream of a linear bed sill. A study was made 

on bed scouring downstream of multiple bed sills with different 

horizontal distances in steep slope, and they found a non-linear 

regression relationship to determine maximum depth of 

scouring by [2]. Tested nine different models of bed sill 

including linear with right angle to flow direction, convex, 

concave and tilted were installed to the flow direction [9]. They 

measured bed scouring at the downstream of the bed sills and 

showed that concave pattern dramatically reduced bed scouring 

at the center line of the channel; whereas convex pattern 

reduced bed scouring at the banks. 

Predicted local scour under unsteady flow conditions was 

modeled by [16]. They demonstrated that scouring progress in 

unsteady flow can be done as a series of steady flow condition 

in different portions of the flood hydrograph. 

Modelling of scouring depth around an arch–shaped bed sill 

was investigated by [11]. Their results showed that between 

the two mathematical models of ANN and ANFIS, the latter 

gave better estimations. 

Three phases of scouring including initial, developing and 

equilibrium phases were modelled by [13]. 

A study was made on flow pattern and turbulence structures 
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in a scour hole downstream of a submerged weir by [5]. 

According to their result, flow structures changed near the 

structure in downstream of submerged weir with a large vortex 

area and flow reattachment area are formed. 

A study was showed that flow regimes over the weir are 

independent of the sediment size at the bed, and also flow 

regime can be defined as a function of upstream Froude number 

and weir height to tailwater depth ratio [6]. Some studies were 

showed the impact of shape and adjustment of bed sills on the 

bed and bank scouring at the downstream of the bed sills by [10, 

14]. The measurement of bed scouring at the downstream of 

bed sills showed that the maximum amount of scouring at the 

bank of the channel occurred by concave bed sill whereas the 

convex bed sill had the maximum amount of scouring at the 

centreline of the channel. Furthermore, the stabilization of the 

bank and centre were observed at the downstream of wing 

shape and sine bed sills. The location of maximum depth of 

scouring depends on the shapes of the bed sills. 

Bed sill was used as a countermeasure for reducing scour 

downstream of a rigid apron and observed that a bed sill 

positioned nearby downstream reduces local scouring by [7]. 

Tested a combination of bed sill and riprap as a 

countermeasure and obtained results obtained showed that this 

technique reduces maximum scour depths significantly [8].  

Most of the previous studies have been done on experimental 

investigation of a linear bed sill with right angle to flow 

direction; however flow structure on concave bed sills remained 

unclear. Complicated flow structure of described flow 

structures around bed sills have directed to the focus on 

experimental investigation together with numerical analysis as 

one of the best ways for assessing of flow pattern. Therefore, a 

comprehensive experimental and numerical study was 

performed in this research work to find flow structures at the 

downstream of a concave bed sill installed at an erodible bed 

and results are presented herein.  

2. Materials and Methods 

2.1. Experimental Setup 

An experimental test was performed in a rectangular flume 

with a mobile bed condition. The experimental flume had a 

length of 6 m, a width of 0.25 m, a height of 0.25 m and slope 

of 0.001; see Figure 1 for details. The bed and walls of the 

flume were made of glass for better visualization of the flow 

and bed scouring. The bed of the flume was covered by sand 

particles of approximately uniform size with a ��� of 0.78 

mm. As can be seen from Figure 1, the concavity of the 

concave bed sills was placed in the flow direction with a 

radius of T=0.062m. A gate was installed at the downstream 

of the flume for the adjustment of flow depth and velocity. 

The velocity data was measured by particle image 

velocimetry (PIV) with a frequency of 15 Hz. The 

experimental tests were undertaken with a flow rate of 2.9 L/S. 

Two dimensional velocity fluctuations of flow over bed sill 

were measured in a horizontal plane. Measurements were 

made at five different sections from the wall to centerline. The 

PIV was employed to capture the two-phase flow field. The 

time interval between the two frames in a pair of images was 

10 milliseconds, and the time interval between sequential 

frame pairs was 1/15 second. The tracer particles were white 

Polyamid 2070 with sphere shape, diameter of 5 µm and a 

specific gravity of 1.016. A dual Nd-YAG, 50 mJ/pulse laser, 

532 nm wavelength was used to illuminate the flow field. The 

laser sheet, which was approximately 1 mm thick, was located 

at top of the flume at a distance above water surface. A 

high-resolution CCD camera (PCO-1600) was used to view 

the light sheet plane at right angle through the flume’s 

Plexiglas wall and then to capture the picture frames. The 

capture images were 1600×1200 pixels size. The CCD camera 

was positioned at the side of flume and then the measurements 

were made at a flow field with domain view of 250×110 mm. 

The instantaneous images were processed using 

VidPIV-47XP-Beta software. The adaptive cross correlation 

was used to determine the average particle displacement 

within the interrogation area. The mean velocities and 

turbulent statistics presented subsequently were obtained 

using 32×32 pixels interrogation window with 50% overlap 

for 700 instantaneous image pairs. As a result, the flow 

velocity was measured at 8092 points within the flow field.  

2.2. Numerical Model 

In this part, the package software was used to calculate flow 

pattern. The topographical dimensions of scour were 

transferred to software after the scour was developed. Then 

model was imported package software in order to analyze the 

flow pattern around bed sill (Figure 2). 

 

Figure 1. a) Schematic of the laboratory flume and b) Plan of non-linear bed sill installation. 
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Figure 2. Three dimensional shape of model. 

Table 1. Mesh analysis. 

Simulation Number of elements  Error (%) 

1 292779 22 

2 420306 15.79 

3 511443 6.02 

2.3. Boundary Conditions and Mesh Study 

In order to prepare flow model geometry and mesh is used 

package software. Meanwhile to reduce computing time, only a 

part of the channel is simulated. The triangular unstructured 

meshing model geometry is used in this numerical simulation. As 

shown in Table 1, by increasing computing cells, error values are 

reduced and ultimately becomes constant. Finally, the number of 

the mesh was found to be 511443 triangular elements. 

Boundary condition contains entrance section, output 

section, walls and free flow surface. The applied boundary 

condition has been shown in Figure 3. The inlet boundary is 

velocity inlet and the entrance velocities values are 0.147 m/s 

and 0 m/s for water and air, respectively. 

 

Figure 3. Boundary condition of simulation domain. 

3. Results and Discussion 

Experimental results showed that different vortices were 

created near the walls at the downstream of the bed sill. The 

vortices transport sediment grains to the centerline of bed sill. 

During the early stages of the experiment, scouring is low 

because of the absence of vortices. The scouring depth grows 

due to the increase of vortices intensity. The vortices strength 

reduces with distance from the walls through the downstream 

of canal. The maximum scouring depth occurred where the 

strongest vortex formed. The maximum scouring depth was 

found to be 0.047 meter (Figure 4). 

 

Figure 4. Three dimensional and contour lines plots of bed scouring. 

Sections A to C that are shown in Figure 5 are longitudinal 

profiles for velocity measurement. The model in Figure 6 has 3 

slices and hence the velocity contours are shown in 3 sections. 

As shown in Figure 6, by distancing from wall to the middle of 

channel, the negative velocity reduces. The flow separation 

zone size reduces to the downstream of bed sill by distancing 

from the wall. In some regions, the velocity is zero because of 

the stagnation point at the bed sill (Figure 6). The vortices near 
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wall cause increase in scour depth at the bank more than 

centerline. Therefore, this is the reason why sediment particles 

moved from wall to the middle of the channel.  

 

Figure 5. Section of A to C along x-direction. 

 

Figure 6. Flow velocity along x-direction (dimensions are in millimeters). 

Figure 7 shows the vortex strength and streamlines in 

sections along x-direction. As previously mentioned, the 

vortex strength reduces by increases of the distance from the 

walls toward the downstream of the channel. Besides, it was 

found that not only separation zone and negative velocity 

decrease by receding from wall but also the sediment particles 

were transported toward the center of the channel. By 

approaching to the middle of the channel, the velocity 

increases and it creates a pressure drop in the center of the 

channel. As it can be seen sediment particles are transported to 

the middle channel due to vortex’s rotation. According to the 

streamlines patterns, separated zone reduced from walls to the 

middle of the channel. Near walls turbulences were increased 

due to the interference of the vortex with boundary layer. The 

scouring depth is proportional to the vorticity intensity. 

Therefore, maximum of scouring depth occurs at the 

maximum vorticity intensity. 

 

Figure 7. Velocity vectors and stream line along x-direction. 
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Figure 8. Section of A to C along y-direction. 

 

Figure 9. Contour lines of x-velocity from side view and front view. 

 

Figure 10. Contour lines of x-velocity from side view and front view. 
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Figure 11. Contour lines of Turbulent Kinetic energy from side view. 

Figure 8 shows cross sections of A to C along y-direction. 

Figure 9 illustrates the Contour lines of x velocity from side 

view and front view in sections along x and y directions. 

According to Figure 9 negative velocity and separation 

zone increased alongside the wall. The more vorticity 

intensity alongside of the walls made the more scouring. 

According to Figure 10 separation zone increased from bed 

sill to downstream hence large vortex occurred at the 

maximum of scouring hole. Therefore, it is concluded that 

the vortex transferred from side walls to the center of the 

channel. 

Figure 11 shows turbulent kinetic energy of the flow at the 

downstream of the bed sill. The magnitude of turbulent kinetic 

energy changes with velocity. Furthermore, the velocity near 

wall of model was smaller than the velocity in scouring hole. 

The maximum of turbulent kinetic energy occurred around the 

location of maximum scouring depth. Turbulent kinetic 

energy initiated a gradual increase from walls to the region of 

maximum scouring depth. Later it reduced due to the 

interference of vortex with boundary layer. 

Figure 12 shows the velocity streamlines of simulated 

model. Direction of vortex motion was shown from sides to 

the middle of the channel and it decreased from bed sill to 

downstream. 

4. Comparison of Errors in Experimental 

and Numerical Models 

According to the experimental data and simulation results, 

the percentage of the error for each point of velocity profile is 

calculated. The percentage of error is listed in Table 2 and 

Figure 13. Figure 13 shows the comparison of experimental 

and simulated data of x-velocity. 

5. Conclusion 

In this study, the flow pattern around the concave bed sill is 

presented. It was found that, the vortices created at the bank of 

the concave bed sill not only produced the maximum scouring 

depth at the sides of the channel but also transferred the 

sediment particles to the centerline of the channel. Therefore, 

the minimum scouring depth was occurred at the center of the 

channel. In conclusion, the concave bed sill can be used to 

protect the upstream of the bed sill and it is also effective in 

stabilizing the centerline of the channel at the downstream of 

the bed sill. 

Table 2. Percent of errors between experimental and simulation model. 

Profile Error (%) 

A 5.9 

B 8.32 

C 10.3 
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Figure 12. Velocity streamlines of simulated model. 

 

Figure 13. Comparison of experimental and simulated data of velocity in x-direction. 
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