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Abstract. A 2D model is developed to simulate the flow of hyper concentrated mixtures of sand and water. The model contains a movable bed. Sedimentation or erosion of the bed is governed by the erosion-sedimentation boundary condition at the bed interface. The influence of different pick-up functions is investigated. The numerical results are compared with large scale experiments. 
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1. INTRODUCTION 

Highly concentrated mixtures of sediment and water are often encountered in dredging industry. When these flows are settling or the sand bed is eroded by these flows, near the bed a combination of high concentration and high flow velocity can be present. In this paper different bed boundary conditions are tested using a two dimensional flow model. 

2. THEORY

2.1. SEDIMENTATION VELOCITY
The bed shear stress affects sedimentation velocity. The sedimentation velocity is often expressed as the difference between the sedimentation and erosion (pick-up) flux: 
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where = [image: image4.png]


 = sedimentation flux, [image: image6.png]


 = erosion flux, [image: image8.png]


 = density of particles,[image: image10.png]


 = porosity and [image: image12.png]Csp



 = near-bed volumetric concentration.
The settling flux reads: 
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where [image: image16.png]


 = settling velocity (including hindered settling) and [image: image18.png]


 = settling velocity of one particle (at very low concentration). The Erosion flux [image: image20.png]


 is non-dimensionalised as follows:
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where [image: image24.png]


=dimensionless pickup flux, [image: image26.png]


=specific density and [image: image28.png]


=particle size. 
2.2. PICKUP FUNCTIONS
Different pickup functions are published. A well known expression is: [9]:
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where [image: image32.png]


=Shields parameter, which is a non-dimensionalised bed shear stress, and [image: image34.png]


=critical Shields parameter, and [image: image36.png]


 a dimensionless particle diameter defined as: 
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(5)

More pickup functions are available but these functions are empirical and calibrated on experiments with relatively low values of the concentration and flow velocity above the bed (bed shear stress). It was shown by [7] that the existing pick-up functions for the situations typically encountered in dredging (high concentration and flow velocities) over predicted sediment pick-up. Special experiments were performed to determine pick-up at high values of the concentration and bed shear stress [2, 5]. The sedimentation velocity was written as the product of the sedimentation velocity for stagnant flow conditions and a reduction factor depending on the Shields parameter. 
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where [image: image42.png]


 follows from Eq. (2) and the reduction factor reads: 
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This leads to the following pickup function: 
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Note that this pickup function only yields values for non-zero values for the near bed concentration since this expression is based on the reduction of the settling flux which is only non-zero for [image: image48.png]c, >0



. For values of [image: image50.png]8> 6,



 the sedimentation flux is not reduced and therefore this empirical function can only be applied for [image: image52.png]8 < 6,



. In [3] the sedimentation test were analyzed again and the influence of the near bed concentration on the pickup flux was quantified. The following pick up function was derived from the experiments:
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The pickup is linearly related to the Shields parameter and the influence of the near bed concentration on the pickup is included with the ratio 
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which yields unity for very low near-bed concentration and zero when the near bed concentration approaches the concentration in the bed. The limitation of this function is that it cannot be applied for very fine sand since the function only yields real values for [image: image58.png]D,>24



. The different functions are compared in Fig. 1.

Fig. 1 compares the different pickup functions for a particle size of 185 [image: image60.png]


m and a near bed concentration of 0.2. As a function of the Shields parameter the erosion velocity of a horizontal bed is computed. For all functions (except for eq. (8) since this reduction factor includes the effect of the nearbed concentration) the the effect of the near bed concentration on the pickup was included. The function based on the simple reduction factor gives a value of [image: image62.png]


 = 0 for [image: image64.png]


 = 4 because the value of [image: image66.png]


 was empirically determined as 4 [4]. The function of Van Rijn (eq. 4) overestimates the erosion velocity for high values of [image: image68.png]


 as was expected. The function of Van Rhee clearly reduces the pickup compared with Van Rijn, but gives an erosion velocity of 3.5 mm/s for [image: image70.png]


 = 4, where the experiments showed no erosion for this value of the bed shear stress. The erosion computed with the empirical function eq. (9) is lower compared with the function based on the reduction factor (Eq. (8) ).
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Figure 1: Calculated pickup [image: image73.png]


 = 185 [image: image75.png]


m, [image: image77.png]Csp



 = 0.20 . 
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Figure 2: Calculated pickup [image: image80.png]


 = 125 [image: image82.png]


m. 

This seems strange since these functions were based on the same experiments. The difference is caused by a different methods to compute the shear stress on the bed. The reduction factor was based on the averaged shear stress calculated from the pressure gradient [4], while in [3] the shear stress on the bed was computed using Einsteins method. This yields higher values compared with the average shear stress since the roughness of the bed is higher compared with the side walls and top wall of the flume. To compare the results the factor 0.0025 in Eq. (9) is enlarged with a factor 2.5. The result is shown in Fig. 0. Now the agreement is better. Figure 1 shows the application of the different pick up function for 125 [image: image84.png]


m sand. For a very low or zero near bed concentration the difference between the empirical function and the pick-up function of Van Rhee is small, while for a higher value of the near bed concentration (Fig 1) the empirical function agrees with the function based on the reduction factor.
3. APPLICATION OF THE PICKUP FUNCTIONS
In [6, 8] a 2DV model was used to simulate the discharge and overflow process of a Trailing Suction Hopper Dredge. The model is based on the Reynolds Averaged Navier Stokes Equations (RANS). The model is two dimensional (horizontal and vertical, width averaged). The model is hydrodynamic (non-hydrostatic) and uses the mixture flow approach (drift-flux model) for suspended sediment transport. The water level can vary using a rigid lid approach. The particle size distribution is taken into account using particles of different sizes in the computation. The location of the settled sand bed can vary during a simulation. At the bed boundary sedimentation or erosion is computed using an entrainment function (pickup function) at the bed. In [6, 8] the 2DV model was applied with the pickup function based on a reduction factor (so Eq. (8)).
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Fig.3: Equilibrium slope angle as a function of the sand flux
The model was compared with experiments reported by [1]. In a flume sedimentation tests were carried out with two different sands. A sand water mixture was discharged in a flume and the shape of the sand body was observed during time. The inflow discharge and concentration was varied. It appeared that the under water slope angles of the sand bodies created could be written as a function of the particle size [image: image87.png]


 and the sand flux [image: image89.png]


 [kgms] discharged into the flume. The following empirical relation was obtained: 
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(10)

Note that the dimension for [image: image93.png]


 in this equation is [image: image95.png]


m. Under water slope angle=[image: image97.png]


. The empirical relation Eq. (10) is compared with the experiments and 2DV calculations in Fig. 2. The figure shows that the agreement between the model and the experiments is good. Figure 3 shows the calculated development of a sand body as a function of time. The lines indicate the top of the settled sand. A mixture is discharged into a computational domain with a height of 2.3 m and a length of 50 m. The inflow location is at [image: image99.png]


 = 0 and the outflow location is at [image: image101.png]


 = 50 m at a height of 2 m. The height of the bed is plotted at an interval of 50 seconds. The discharge [image: image103.png]


 per unit width is 0.2 [m/s], Inflow velocity is 2 [m/s] and the inflow concentration is 0.12. Particle size distribution with a d50 of 135 micron. The continuous line shows the development of the bed using the simple reduction factor as bed boundary condition. It is visible that near the inflow location, due to the high flow velocity sedimentation velocity is reduced and an erosion crater develops.
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Fig.4: Bedprofile for different pickup functions at a 50 s time interval
The simulations were performed using three different pickup functions. The function based on the reduction factor (Eq. 8), on the pickup function of Van Rhee and the empirical pickup function (Eq. 9). When we compare the result of the reduction factor (continuous line) with the empirical function (Eq. 9), we see that agreement during the first few minutes is good, but the results start deviating after some time. The erosion crater is smaller for the empirical function and although the bed height at [image: image106.png]


 = 20 m is the same, the bed level at [image: image108.png]


 = 30 m develops differently. It is also clear that the total volume of sand in the domain at the end of the simulation is larger for the empirical function compared with the reduction factor. This indicates that less sediment is lost from the domain through the outflow hence the overall sedimentation velocity is larger for the empirical function. The results of the bed height using the pick up function of Van Rhee shows a very different bed profile compared with the other simulations. Sedimentation velocity is much lower which can be observed especially for the profile at t=50 and t=100 seconds. The sand bed starts building up at the end of the computational domain where the current is deflected by the wall. The flow velocity is reduced at this location and the bed starts building up. This indicates that the pick up calculated in combination with a high near bed concentration is too high for the Van Rhee’s function which was also shown in Fig. 0 and Fig. 1. This might be the result of the reduction mechanism described with the last term in Eq. (9) which is not (yet) included in the pickup function of Van Rhee.
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Fig.5: Slope angle as a function of the sandflux [image: image111.png]



The effect of the larger overall sedimentation using the empirical pick up function can also be shown by comparing the equilibrium slope angles, computed using this function with the empirical relation of Eq. (9). Figure 4 shows three different simulations using this pickup function. The resulting under water slope angle is plotted as a function of the sediment flux and the simulations are compared with the empirical relation of Eq. (10). It is clear that the gradient is steeper for the simulations compared with the empirical function based on the experiments.

4. CONCLUSION

Three different pick up function were used to simulate the two dimensional settling of a sediment on a slope under water.
· Using the pickup function based on the reduction factor the agreement with the experiments is good. 

· The agreement between the simulated and calculated slope angles using the empirical function Eq. (9) is not as good compared with the function based on the reduction factor. 

· Using van Rhee’s pickup function the agreement between the simulations and experiments is bad. For the relative small flow velocities pickup is too large for the high near bed concentrations that occurred during the experiments and simulations.
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