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Abstract

:

In this paper we derive a new morphological model, with an extended version of the sediment transport model for the mean step length (the average distance travelled by sediment particles), in which this mean step length depends on the mean bed shear stress. This model makes the step length increase with increasing flow, in line with previous experimental results. To account for suspension and the large-scale turbulent structures in rivers, the step length also depends explicitly on water depth. This approach enabled modelling of the transition from dunes to the upper-stage plane bed. It was shown that by increasing the step length, the lag between shear stress and bed load transport rate increases, and the dunes eventually become smoother and lower, until finally the dunes wash out. The newly adopted model approach is tested successfully with a synthetic data set from the literature, where plane bed conditions are indeed reached in the model, similar to the results of a more advanced model. It is shown that with increasing discharge, the flow increases, which leads to higher step length and to the washing out of the dunes. Although the present model still overestimates the dune height for river cases, the potential of the model concept for river dune dynamics, including the transition to upper-stage plane bed, is shown. The model results indicate that, if a transition to upper-stage plane bed occurs in a realistic river scenario, a reduction of the water depth of approximately 0.5 m can occur.
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1. Introduction


Hydraulic roughness values play an important role in correctly predicting water levels in rivers [1,2,3], which is critical for flood management purposes. This especially holds for bifurcated rivers [4], due to feedback mechanisms between the downstream branches. River dunes increase the hydraulic roughness significantly: their shapes cause form drag. Because of their significant impact on hydraulic roughness, water level forecasts during a high river water discharge depend on accurate predictions of the evolution of river dune dimensions. One aspect of this is the correct prediction of a transition to upper-stage plane bed conditions. The general motivation of this paper is to contribute to the development of a relatively simple and physics-based dune evolution model that is able to capture proper dune dimensions and dynamic behaviour under transitional conditions. In effect, the goal is to model river dune behaviour under varying discharges between the lower-stage plane bed to the upper-stage plane bed. Such a model should work under flume and field conditions, and should predict transitions at the appropriate discharges.



In the past, many approaches have been used to model dune dimensions, varying from empirical equilibrium dune height predictors (e.g., [4,5,6,7]) to different forms of stability analyses (e.g., [8,9,10,11]). Recently, more advanced models have been developed that calculate the turbulent flow field over bedforms, in some cases in combination with morphological computations (e.g., [12,13,14,15,16,17,18,19,20]). These models are valuable to study detailed hydrodynamic processes, but are computationally intensive, which makes them unsuitable for the prediction of bedform evolution and roughness over full-scale river reaches during a longer period (e.g., that of a flood wave).



To enable efficient predictions of dune dimensions over the time-scale of a flood wave, Paarlberg et al. (2009) [21] have developed a model in which the flow and sediment transport at the flow separation zone is parameterized instead of using full hydrodynamic equations. This model is able to predict the evolution of dunes from small initial disturbances up to equilibrium dimensions with limited computational time and good accuracy. In addition, this model has been coupled with an existing large-scale depth-averaged hydraulic model to form a ‘dynamic roughness model’ [22]. The coupled model clearly shows the expected hysteresis effects in dune roughness and water levels and different behaviour of sharp-peaked versus broad-peaked flood waves within the dune regime [22].



As Nakagawa and Tsujimoto (1980) [23] have argued, a lag distance between flow properties (and thereby bed shear stress) and sediment transport is the principal cause of bed instability and thereby regime transitions. One of the contributing factors is the step length of sediment particles, which is the distance travelled from dislodgement to rest according to Einstein (1950) [24]. This creates a phase-lag effect which is not taken into account in equilibrium transport formulas, such as that of Meyer-Peter and Müller (1948) [25]. The latter formula was used in the original model of Paarlberg et al. (2009) [21], which made it impossible to model a transition to upper-stage plane bed. The pick-up and deposition model, as proposed by Nakagawa and Tsujimoto (1980) [23], inherently allows a phase-lag effect over distance. The deposition of sediment away from the pick-up point is determined by using a probability distribution function that relies on the mean step length. This pick-up and deposition model has already been used in the dune evolution model of Shimizu et al. (2009) [14], with good results regarding prediction of generated dunes and upper-stage plane bed in flumes. However, this model is far too complicated to allow for simulations of river dune dynamics, that is, at full river scale during a longer period (e.g., a flood wave and afterwards, typically a month).



Therefore, the Paarlberg et al. (2009) [21] model was extended to enable predictions of a transition to upper-stage plane bed. Van Duin et al. (2017) [26] have shown that replacing the transport formula of Meyer-Peter and Müller (1948) [25] with the pick-up and deposition model of Nakagawa and Tsujimoto (1980) [23] leads to improved predictions of dune dimensions in the dune regime. Furthermore, this model is in principle able to simulate the washing out of dunes as well, signifying the potential of this approach for the prediction of a transition to upper-stage plane bed. Manually selecting high values of the step length leads to the washing out of dunes within this model. However, the automatic selection of a physics-based step length, and the physics behind this, is still an issue.



The model of Van Duin et al. (2017) [26] does not incorporate suspended sediment, which was clearly shown to be important for high flow conditions by Naqshband et al. (2017) [27]. Under the influence of turbulent action at the bottom of a flume or channel, sediment may be entrained in the water column, and it may therefore be necessary to allow for step length values that are higher than those typically found for bed load. Depending on the flow and turbulence structure there, sediment may be transported over a large distance in suspension. If this suspended transport occurs along dunes, the average distance travelled by sediment becomes far larger than for bed load alone (see also Yamaguchi et al. (2019) [20]). This has implications for the spatial lag between flow and sediment transport, and thereby for the river dune morphology as well, neither of which have been investigated so far.



Naqshband et al. (2017, 2014b) [27,28] used data from experiments and rivers to show that with an increasing suspension parameter, dunes first get higher (i.e., a larger amplitude to length ratio), arrive at a maximum height, then become lower, and finally disappear for large suspension numbers. These results indicate that high suspension numbers are required for the dunes to wash out, and that alongside the influence of bed load lags, suspension lags should also be included in determining dune dimensions.



One of the mechanisms contributing to this dependence of dune morphology on suspended sediment has been studied by Naqshband et al. (2014a) [29]. These authors have shown that significant portions of suspended load ‘escape’ the dune by not avalanching on the lee side of the dune but going over the flow separation zone and depositing further away (also shown by Kostaschuk et al. (2010) [30]). The authors find that while bed load and suspended load are comparable in magnitude, the gradient of bed load is larger than that of suspended load. This implies that the general shape of these equilibrium dunes is mostly determined by bed load, and to a lesser extent by suspended load, which deposits more evenly along the dune. However, for strongly increasing flow, turbulence becomes stronger, and suspended load can become more and more dominant. Then, the situation could arise that so much sediment is spread out evenly that dunes start decaying and may even disappear entirely (see also Engelund and Fredsøe (1974) [31], Fredsøe and Engelund (1975) [32], Smith and McLean (1977) [33], and Bridge and Best (1988) [34]). So far, these effects have not been incorporated in idealized dune evolution models (e.g., Paarlberg et al. (2009) [21]). In summary, no morphodynamic model is available that has the potential to capture the behaviour of full-scale river dunes during a flood wave from moderate to extremely high discharges and afterwards.



Therefore, in this paper we investigate the potential of the inclusion of a step length model (that combines bed load and suspended load processes, although the latter, as a first step, in a strongly schematized way) with an idealized dune model such that it enables the modelling of dune dynamics during such a flood wave. More precisely, the two research questions are: (1) To what extent can this new model replicate dune dynamics as they occur in flume conditions under variable discharge, including upper-stage plane bed and bedform hysteresis effects? (2) To what extent can this type of model in principle describe dune dynamics, including upper-stage plane bed and hysteresis effects in field conditions?



The organization of the chapter is as follows. In Section 2 the set-up of the model is discussed, while step length models from the literature and a new step length model are discussed in Section 3 and Section 4, respectively. Section 5 shows the model results for flume conditions, while Section 6 shows the model results for river conditions. In Section 7 and Section 8, the discussion and conclusion are presented.




2. Dune Model


2.1. General Set-Up


The basis of the present model is the dune evolution model developed by Paarlberg et al. (2009) [21]. Paarlberg et al. (2009) [21] extended the process-based morphodynamic sand wave models of van den Berg et al. (2012) [35] and Hulscher (1996) [36], with a parameterization of flow separation (see Figure 1), in order to enable simulation of finite amplitude river dune evolution. For more details on the similarities and differences of river dunes and sand waves, see Hulscher and Dohmen-janssen (2005) [37].



The model consists of a flow module, a sediment transport module, and a bed evolution module, which operate in a decoupled way. The model simulates a single dune which is assumed to be in an infinite train of identical dunes. Therefore periodic boundary conditions are used. Because varying discharge means the linear stability analysis as used by Paarlberg et al. (2009) [21] has to be done often during a model run (as each discharge leads a different most unstable mode, and therefore wavelength), this approach is computationally expensive. Paarlberg et al. (2009) [21] have shown that the dune length that follows from the numerical stability analysis is nearly linearly related to the water depth (i.e., dune length = 7.3 water depth). This relationship is also in line with the empirical relations for dune height and length of Van Rijn (1984b) [7] as presented by Julien and Klaassen (1995) [38]. Therefore, for computational efficiency, this relation is also adopted in the present study.




2.2. Flow Model


In general the flow is forced by the difference in water level along the domain. While the water depth at the start and end of domain are the same due to the periodic boundary conditions, the water level differs because the domain is sloped. The average bed level is taken as zero and has a slope (this average bed slope is an input parameter for the model). By solving the flow equations with a certain average water depth, a discharge is found. The average water depth is adjusted until this discharge matches the discharge given as input.



The flow in the model of Paarlberg et al. (2009) [21] is described by the steady two-dimensional shallow water equations in a vertical plane (2-DV), assuming hydrostatic pressure conditions. For small Froude numbers and small vertical flow acceleration, the momentum equation in the vertical direction reduces to the hydrostatic pressure condition, and the time variations in the horizontal momentum equation can be dropped. The governing model equations that result are shown in Equations (1) and (2).


  u   ∂ u   ∂ x   + w   ∂ u   ∂ z   = − g   ∂ ζ   ∂ x   +  A v     ∂ 2  u   ∂  z 2    + g i  



(1)






    ∂ u   ∂ x   +   ∂ w   ∂ z   = 0  



(2)







The velocities in the x and z directions are u and w, respectively. The water surface elevation is denoted by ζ, i is the average channel slope, g is the acceleration due to gravity, and Av denotes the constant vertical eddy viscosity. Note that a steady flow model is used to compute unsteady flow of a flood wave. This is a reasonable approach, because the length scale of a dune is small, so the remaining terms are large compared to the time derivatives. The computational domain is shown in Figure 2.



In Figure 2 the symbol λ denotes the dune length (in m), h is the domain-averaged water depth (in m), and zb is the bed level relative to the x-axis (in m). The flow is forced in the domain because the x-axis is actually at a slope i with regard to the real horizontal plane, creating a water level difference along the domain.



Boundary Conditions


The boundary conditions are defined at the water surface (z = h + ζ) and at the bed (z = zb). The boundary conditions at the water surface, Equation (3) represents no flow through the surface, and Equation (4) means no shear stress at the surface (so wind stress is assumed to be negligible). The kinematic boundary condition at the bed, Equation (5) yields that there is no flow through the bed.


  u      ∂ ζ   ∂ x    |   z = h + ζ   = w  



(3)






       ∂ u   ∂ z    |   z = h + ζ   = 0  



(4)






  u      ∂  z b    ∂ x    |   z =  z b    = w  



(5)







In order to close the turbulence model, a time- and depth-independent eddy viscosity is assumed. In order to represent the bed shear stress correctly for a constant eddy viscosity, a partial slip condition at the bed, Equation (6) is necessary.


   τ b  =  A v       ∂ u   ∂ z    |   z =  z b    = S  u b   



(6)







In Equation (6), τb (m2/s2) represents the volumetric bed shear stress (i.e., without the density), ub (m/s) is the flow velocity along the bed, and the resistance parameter S (m/s) controls the resistance at the bed. For more details about the model equations and numerical solution procedure, reference is made to Paarlberg et al. (2009) [21] and Van den Berg et al. (2012) [35]. For more details, the reader is referred to van Duin et al. (2016) [26].





2.3. Bed Load Sediment Transport Model


The pick-up and deposition model of Nakagawa and Tsujimoto (1980) [23] uses the following formulae to determine bed load transport. Pick-up of sediment (probability of a particle being picked up in s−1) is determined by:


   p s   x  =  F 0      Δ g    D 50      θ  x      1 −    θ c    θ  x       3   



(7)




where F0 = 0.03, θ is the Shields parameter, θc is the critical Shields parameter, and Δ = ρs/ρ−1. The grain density ρs is set to 2650 kg/m3, and the density of the water ρ is set to 1000 kg/m3



The local, critical volumetric bed shear stress τc(x), corrected for bed slope effects, is given by the following equation:


   τ c   x  =  τ  c 0     1 + η   ∂  z b    ∂ x       1 +       ∂  z b    ∂ x      2       



(8)




with τc0 the critical volumetric bed shear stress for flat bed, defined by Equation (9) and η = tan(φ)−1, in which the angle of repose φ = 30° for sand. In this equation, θc0 is the critical Shields parameter for flat bed, and D50 is the median grain size.


   τ  c 0   =  θ  c 0   g Δ  D 50   



(9)







Deposition at a location is determined by adding all the sediment that arrives at that specific location. Therefore, in order to determine the deposition at a certain location x, the distribution of picked-up sediment from all upstream locations is needed. The determination of deposition is done by applying the following formula:


   p d   x  =   ∫  0 ∞   p x    x − s   f  s  d s  



(10)




where the distribution f(s) determines the fraction of sediment that is deposited a distance s away from the pick-up point (x − s). The distribution function is defined as follows:


  f  s  =  1 Λ  exp     − s  Λ     



(11)







Herein Λ is defined as the mean step length, which is further discussed in Section 2.4. By using this function, 99.3% of the sediment that has been picked up at certain location is deposited between that location and 5 times the step length in the downstream direction. The remaining 0.7% is deposited at x = 5Λ. Finally, the transport gradient is determined as follows:


    ∂  q b    ∂ x   =  D 50     p s   x  −  p d   x     



(12)







To summarize, the entire sediment transport calculation process is as follows. First, the dimensionless bed shear stress is determined from flow characteristics. Then the pick-up of sediment along the dunes follows from bed shear stress. With an exponential decay function, the deposition of sediment away from each pick-up point is determined. The difference between sediment deposition and pick-up determines the net transport gradient along the dune.




2.4. Step Length


To calculate how the sediment is distributed moving away from each pick-up point, the mean step length of the sediment particles has to be calculated. Step length is defined by Einstein (1950) as follows:


  Λ = α  D 50   



(13)




where α is a non-dimensional step length parameter. Francis (1973) [39], Fernandez Luque and Van Beek (1976) [40], and Sekine and Kikkawa (1984) [41] have done experiments to determine the dependency of, among other things, bed load transport, particle velocity, and step length on various parameters with moving sand along a plane bed. This data shows a range of approximately 40 to 240 times the particle diameter, for values of u*/ws (in which u* = friction velocity and (u* = (τ/ρ)1/2), and ws = settling velocity) from about 0.18 to 0.35. From this data different step length models are derived by various authors. In Section 3, two step length models based on bed load from the literature are implemented, and results are discussed. Hereafter, Section 4 presents a third method in which, in addition to the models of Section 3, suspended load processes are also explicitly accounted for. In general, the step length is assumed to be constant along the dune, so it can vary only over time due to variation in dune-averaged flow parameters.




2.5. Bed Evolution


The bed evolution is modelled using the Exner Equation (17), where the sediment transport gradient is calculated with Equation (12), and εp = 0.4 is the bed porosity.


    1 −  ε p      ∂  z b    ∂ t   = −   ∂  q b    ∂ x    



(14)







After each time step for the bed evolution, the model checks the angle of the bed between every pair of neighbouring calculation points. If necessary, the model avalanches the ‘excess’ sand, so that the angle of the bed does not exceed the angle of repose (30°) anywhere.





3. Step Length Models from Literature


3.1. Sekine and Kikkawa (1992) Step Length Models


Sekine and Kikkawa (1992) [42] have used the data sets mentioned in Section 2 to verify a numerical model of the saltation of particles. They have found that all computed step length values are between two times larger or smaller than the observed values. Their predictions for the thickness of the saltating bed load layer closely match the data of Sekine and Kikkawa (1984) [41]; the particles remain within a few grain diameters from the bed. They further show in their calculations (1) that the mean step length varies between about 10 and about 250 times the particle diameter, (2) that it is directly proportional to friction velocity u* (u* = (τ/ρ)1/2), and (3) that it is inversely proportional with the settling velocity ws. The suspension parameter u*/ws ranges from about 0.15 to 0.28 in this set of calculations, so bed-load conditions were present (u*/ws < 1). The relation between these parameters and the non-dimensional step length α is as follows:


  α =  Λ   D 50    =  α 2         u *     w s        3 / 2       1 −    u  * c   /  w s     u c  /  w s        3 / 2    



(15)




where α2 = 3.0 × 103, and u*c is the critical friction velocity (u*c =        τ c  / ρ     1 / 2    ; note that this is volumetric bed shear stress, which has a unit of m2/s2).




3.2. Shimizu et al. (2009) Step Length Models


Shimizu et al. (2009) [14] have used a minimum (αmin = 50) and maximum (αmax = 250) value of non-dimensional step length α in a conceptually derived relation between α and dimensionless grain shear stress θ′. For values of θ′ between 0 and 0.5 (the dune regime), α was assumed to be constant at the minimum value (αmin). For values of θ′ above 0.8 (the upper-stage plane bed regime), α was assumed to be at the maximum value (αmax). In the transitional regime (θ′ from 0.5 to 0.8), α was linearly interpolated. Besides the Shields parameter, there is no further dependency on sediment parameters.




3.3. Comparison of Step Length Models


Both the conceptual model of Shimizu et al. (2009) [14] and the more physics-based model of Sekine and Kikkawa (1992) [42] are applied and tested in the dune model described in 2. For this test calculation scenario, A4 of Shimizu et al. (2009) [14] was used, which corresponds to a flood wave in a flume setting, see Figure 3. For the model runs, sediment with a D50 of 0.28 mm, a slope i of 2 × 10−3, and a hydrograph as presented below are used.



This artificial scenario has not been physically simulated and measured, but corresponds to flume conditions with regard to water depth and dune height. The goal of the present calculations is to investigate if transition to the upper-stage plane bed occurs in roughly the same way as the dune evolution model of Shimizu et al. (2009) [14] predicts, as well as the general qualitative behaviour of their model. This advanced dune evolution model is provided with a k-ε turbulence closure model and a separate advection-diffusion model for suspension. Scenario A4 of Shimizu et al. (2009) [14] started from a flat bed, and showed dunes growing to a height of about 4 cm. A transition to upper-stage plane bed occurred at about 0.6 h, and a re-emergence of dunes occurred at about 1.7 h. Both step length models in the current model are tested with this scenario. The resulting development of the dune trough and crest positions (in the vertical) and water depth over time are shown in Figure 4.



Using the Shimizu et al. (2009) [14] step length model leads to bedform growth, though no upper-stage plane bed occurs. Apparently, this step length model does not lead to strong enough lag in the present study; the dunes do not wash out at all but keep growing at the moment in time where the k-ε dune evolution model of Shimizu et al. (2009) [14] predicted a transition to upper-stage plane bed (0.6 h). Besides growing for too long, the dunes also become too high (10 cm). With the Sekine and Kikkawa (1992) [42] step length model, no dunes are able to grow at all, which is completely different from the results of the k-ε dune evolution model of Shimizu et al. (2009) [14].





4. New Step Length Model


Because using the Shimizu et al. (2009) [14] step length model leads to results closest to the results of the Shimizu et al. (2009) [14] dune evolution model in flumes, it was taken as the basis for further extensions to enable river dune simulations. To compensate for not modelling suspended transport explicitly, and since u*/ws > 1 for most of the scenario (it varied between 0.9 and 1.8), the parameter α needs to become much higher with the new step length model to implicitly take into account the effects of suspended transport. Suspended sediment load differs from bed load in the sense that turbulent vortices have the potential to move the sediment to higher parts in the water column. Due to the vertical mixing and settling process of suspended sediment, the suspended sediment load does not respond to variations in bed-shear stress (and thereby sediment pick-up) immediately, but with a spatial (and/or time) lag. To some extent, this is similar as bed-load, which also experiences a (smaller) spatial lag due to the step length of sediment grains. The turbulent mixing capacity εs is related to eddy viscosity νt, which for wall boundary layer flows is related to the friction velocity u* and the water depth h as follows (see e.g., Van Rijn (1993) [43]):


   ε s  ~  ν t  ~  u *  h  



(16)







The suspension mixing height above the bed is controlled by the turbulent mixing capacity εs, and the settling by gravity (settling velocity ws) and scales with εs/ws = u*h/ws (Rouse, 1937) [44]. Galappatti and Vreugdenhil (1985) [45] derived a depth-averaged model for suspended sediment based on the usual advection-diffusion equation. They show that the vertical processes of turbulent diffusion and settling of suspended sediment can be translated into a relaxation or adjustment process of suspended sediment in flow direction, involving an adjustment length (or spatial lag) of suspended sediment. A generalized expression is as follows:


   Λ  s ; l   =    function         u *     w s      · h    



(17)







The equation shows that the spatial lag directly scales with the water depth h. The process of turbulent diffusion is represented by the friction velocity u*, the settling process by the settling velocity ws.



In addition, Claudin et al. (2011) [46] derived a similar relation for the relaxation length of suspended sediment.



There is a difference in how the spatial lag of bed-load and suspended load relate to the water motion: where the step length of bed load depends on (bed) friction velocity, the relaxation length of suspended sediment scales with friction velocity and the water depth (see Equation (17)). Therefore, as a first step, it is assumed in the present study that the step length of particles α should also scale with the water depth h in order to simulate the influence of suspended sediment. A new model for non-dimensional step length α is proposed by the following equation, which depends on both non-dimensional grain shear stress and water depth.


  α    θ ′  , h   =  α g    θ ′    h   h  r e f      



(18)







Here href is a reference water depth equal to the water depth at the start of the transitional regime of the case used to tune the step length model, scenario A4 of Shimizu et al. (2009) [14], of which the results can been seen in Figure 5. The value of the non-dimensional grain shear stress-dependent step length αg follows from a modified version of the Shimizu et al. (2009) [14] step length model, as can be seen in Figure 5. To reiterate, with this modification the step length no longer depends on only bed shear stress or friction velocity as with bed load, but also on the water depth as with suspended transport. It represents processes inherent in the turbulent mixing of suspended material—namely, that larger water depth leads to larger turbulent vortices, which in turn leads to sediment higher in the water column, and due to the size of the vortices, a larger settling distance.



Furthermore, in the new step length model the dimensionless step length keeps increasing for θ′ values above 0.8 (with the same slope as between θ′ = 0.5 and θ′ = 0.8) because formulae for the spatial lag or adjustment length of suspended sediment are generally not capped at a certain value (see e.g., [45,46]). Different values of αmin at θ′ = 0.5 and αmax at θ′ = 0.8 have been tested, and using αmin = 50 and αmax = 350 works best within the new dune evolution model compared to the dune evolution results of Shimizu et al. (2009) [14]. The water depth at the start of the transitional regime was 0.1166 m, which will be used as the reference water depth href. In Figure 5 the currently used model for αg is compared with the Shimizu et al. (2009) [14] step length model for αS. It should be noted that this figure is without the additional influence of the water depth as defined in Equation (18). Combining that equation with the figure above and all other previous considerations leads to the following new equation for α:


  α    θ ′  , h   =        α  m i n    h   h  r e f     ,   |  θ ′  ≤ 0.5          α  m i n   +    θ ′  − 0.5      α  m a x   −  α  m i n     0.8 − 0.5      h   h  r e f     ,   |  θ ′  > 0.5        



(19)




where αmin = 50, αmax = 350, and href = 0.1166 m.



By multiplying the result with the median grain diameter, the dimensional step length is found (as defined by Equation (13)). By using this method, the value of α can become higher than the maximum observed value of α (250) found in the bed load experiments of Nakagawa and Tsujimoto (1980) [23].



With this modified method for step length calculation, the specific influence of suspended sediment on the spatial lag of sediment transport (i.e., through the water depth) is introduced in a strongly schematized way. This leads to the possibility of also applying the model in the full-scale conditions of rivers (with larger water depths), in which suspended sediment is known to play a large role.




5. Results with Flume Conditions


We start with testing whether the model is able to model a transition to upper-stage plane bed for flume conditions, that is, the computational scenario A4 as presented by Shimizu et al. (2009) [14] (see also Section 3.3). With this scenario, Shimizu et al. (2009) [14] show that their model is able to predict transitions to the upper-stage plane bed. The model also clearly shows hysteresis effects; the relation between discharge and water depths is as significantly different for the rising limb of the hydrograph as it is for the falling limb. The parameters of the scenario are typically equivalent to a flume scenario. With the model runs presented here, the suspension parameter u*/ws varied between 0.9 and 1.8 during the scenario, so with this sediment and this flow regime the suspension regime is present for most of the time. Using scenario A4 from Shimizu et al. (2009) [14], the following development of the dune field over time is found with the dune evolution model as developed in the present study.



Here in Figure 6 the washing out and regrowth of the dunes can be clearly observed. From the same results, the development of the dune trough and crest positions (in the vertical) and water depth over time are shown in Figure 7. As can be seen in the beginning of the run, dunes start developing along with increasing discharge. At a certain high discharge, the shear stress and the step length become so high that the dunes are washed out. Due to the decrease in form drag and thereby total shear stress, the water level stabilizes temporarily, despite still rising discharge. The bed remains washed out until the discharge and step length become so low that dunes start developing again.



Shimizu et al. (2009) [14] found roughly the same moments of washing out (0.6 h) and re-emergence of dunes (1.7 h). Furthermore, the dune evolution model of Shimizu et al. (2009) [14] predicted a dune with a maximum height of about 4 cm, which corresponds rather well with the present model result (3.75 cm). The relation between the step length parameter α and the specific discharge for the rising and falling stages of the hydrograph can be seen in Figure 8.



Here a hysteresis effect is already observed, caused by the transition to upper-stage plane bed and then later returning to the dune regime. With the same discharge, dunes can be present in the rising stage and not in the falling stage. Because of the presence of dunes, a part of the flow power is lost due to form drag. This means the shear stress acting on the sand grains (effective bed shear stress) is relatively lower, and a lower step length is selected than when there are no dunes present. The effect of hysteresis on water depth can be seen in Figure 9.



In the rising part of the hydrograph, dunes are able to develop firstly at medium discharges, while in the falling part, the dunes start developing at the end of the flood wave at lower discharges. This has a clear effect on the resulting water depths at the same discharge. For example, at a specific discharge of 0.12 m2/s, the water depth in the rising part is clearly higher than in the falling part. In the rising limb, the dunes have had a longer time to grow than in the falling limb, and are therefore higher. Because the dunes are higher, the water depth is higher despite the discharge being the same. Shimizu et al. (2009) [14] have clearly shown this hysteresis effect as well, though for their model it’s more pronounced. They have also reported in the order of 25% lower water depths than we found.




6. Results with River Conditions


Although the new dune evolution model is still in a developing stage, from a practical point of view it is interesting to test how the model behaves under river conditions. For this purpose the model is run with similar conditions to the Dutch river Waal during the flood of 1998. At the peak of this flood wave, the total discharge was 6250 m3/s in the river Waal [47]. For simplicity, the dune evolution model is applied to only the main channel; interactions with the floodplains are not taken into account here. It is assumed that 60% of the peak discharge went through the main channel. The main channel is assumed to be 300 m wide, which corresponds well to the width of the main channel along the river Waal in the SOBEK model made by Deltares and used by Paarlberg (2012) [48]. This would make the specific discharge 12.5 m2/s, which is rounded to 13 m2/s for the current study. To simulate these conditions, a D50 of 1.2 mm (in the range presented by Giri et al., 2008 [49]), a slope i of 1 × 10−4 [50], and a hydrograph as presented in Figure 10 are used as input for the model. The settling velocity corresponding to the used D50 is ws = 0.13 m/s. This hydrograph leads to water depths between 8.5 and 11.1 m, which correspond well to the typical water depths in the Waal for the flood of 1998 as reported by Julien et al. (2002) [47].



Compared to the flood wave of 1998, as shown by Julien et al. (2002) [47], we kept the duration of the rising limb the same, while we shortened the duration of the falling limb somewhat in order to create a symmetric flood wave. The entire duration of the flood wave presented here is exactly 12 days or 288 h. The calculation time is very reasonable; with a time step of 2 min, the model goes through 12 days modelled time in under 55 min real time. To let the model adjust to the hydrodynamic conditions, the flood wave is modelled twice. The bed configuration of the first flood wave is used as input for the second flood wave. The results of the second run are reported in Section 6.1.



To test if a transition to the upper-stage plane bed can be modelled for river conditions, the model is also run with a 5% higher discharge than for the scenario above. This leads to water depths between 9 and 11.4 m, which is about 5% higher than the water depths in Waal for the flood of 1998 as reported by Julien et al. (2002) [47]. The duration of the flood wave is the same as in the other scenario, and the calculation time is just under 35 min. This is less than before, because in this scenario dunes are washed out during a part of the run, which lets the model solve the flow equations more efficiently. Again, to let the model adjust to the hydrodynamic conditions, the flood wave is modelled twice. The results of the second run are reported in Section 6.2.



6.1. Results for the River Scenario


The development of the dune field, starting from an already developed dune field, can be observed in Figure 11.



The dunes grow and shrink during the flood wave, though in general the dune height variation is low. From the same results, the development of the dune trough and crest positions (in the vertical) and water depth over time are shown in Figure 12. As can be seen in the beginning of the run, dunes start developing slowly along with increasing discharge. This continues past the moment of peak discharge until about 155 h, after which the dune height decreases. Due to the increase in discharge, the water level still increases and decreases, with seemingly little influence of the dune height.



During the flood wave of 1998, dune heights in the Waal varied between 0.2 and 0.6 m on the centreline [47], while the model predicts values between 1.6 and 2.1 m. This is still a considerable difference, which indicates that further model improvements are necessary. Increasing the step length likely has a dampening effect on the dune height, but it also causes the dunes to wash out sooner. Therefore, care should be taken in adjusting the model settings. In Figure 13 the response of the water depth to the varying discharge can be seen.



The hysteresis loop observed here is in the same direction as for the flood wave of 1998 as reported by Julien et al. (2002) [47], with dune heights in the falling limb being higher than in the rising limb (Figure 14). Here the dune height also keeps growing for a period of time after the discharge is already decreasing. The relation between the non-dimensional shear stress and the dune height can be seen in the following figure. The dunes do not wash out; however, they do decrease in height about 5 h after the maximum discharge has been reached.



The relation between α and the specific discharge for the rising and falling stages of the hydrograph can be seen in Figure 15. Here again a hysteresis effect is observed, caused by the lag between dune development and discharge. It should be noted that now, much higher step lengths are reached than for the flume scenario, up until α = 4750, which is a dimensional step length of about 6 m. This is about 2.6 times higher than that of the flume scenario.



The effect of hysteresis on water depth can be seen in Figure 16.



In the rising part of the hydrograph, dunes increase in height, while in the falling part the dune height first remains constant before decreasing later on. Because of the delay in dune height development compared to discharge, the water depth in the falling limb of the hydrograph is larger than in the rising limb, which agrees again in a qualitative sense with what is reported by Julien et al. (2002) [47] for the flood wave of 1998.




6.2. Results for the More Extreme River Scenario


With the artificial more extreme scenario, which includes an increase of the discharge of 5%, a transition to upper-stage plane bed is predicted. It should be noted that this transition was not observed in the river Waal in 1998 [47], nor in the Dutch Rhine Branches in 1995 when the discharge at Lobith was 25% higher than it was in 1998 (e.g., [51]). The computed development of the dune field, starting from an already developed dune field, can be observed in Figure 17.



Here the growth and washing out of the dunes can be observed on the left, and the washing out itself can be observed more clearly on the right. From the same results, the development of the dune trough and crest positions (in the vertical) and water depth over time are shown below (Figure 18). As can be seen in the beginning of the run, dunes start developing along with increasing discharge. At around 137 h from the start of the model run, the dunes start washing out, and they’re completely gone at about 141 h, 5 h before the maximum discharge occurs. Due to the decrease in form drag and thereby total shear stress, the water level goes down, despite still-rising discharge. The bed remains washed out until the discharge is low enough for dunes to start developing again.



For the flood of 1998, dune heights in the Waal varied between 0.2 and 0.6 m on the centreline, while the model results indicate values between 0.2 and 2.2 m. In Figure 19 the response of dune height to changing discharge can be seen.



The hysteresis loop observed here is in the opposite direction of the measured flood wave of 1998 as reported by Julien et al. (2002) [47]. Due to the washing out of dunes during the flood wave, dunes are now generally lower in the falling limb than in the rising limb.



The relation between α and the specific discharge for the rising and falling stages of the hydrograph can be seen in Figure 20.



Here again a hysteresis effect is observed, caused by the transition to upper-stage plane bed and back to the dune regime. It should also be noted that now, much higher step lengths are reached, up until α = 10,800, which is a dimensional step length of about 13 m. This is about 10 times the value of the flume scenario. For the river scenario of Section 6.1, the maximum step length was only 2.6 times higher than the flume scenario. This difference between the river scenarios mostly relates to the washing out of dunes, which only occurs for the more extreme river scenario. When the dune is washed out, water depth drops somewhat, but due to the lack of bedforms, the flow can exert more force on the particles, which increases step length because that is partly based on grain shear stress. The effect of hysteresis on water depth can be seen in Figure 21.



In the rising part of the hydrograph dunes are able to develop firstly at lower discharges, while in the falling part the dunes start developing at higher discharges. This has a clear effect on the resulting water depths at the same discharge. The hysteresis loop is reversed compared to the results in Section 6.1. Of great importance for the river situation is the significant drop in water levels when dunes are washed out. Within 4 h the water levels become about 0.25 m lower, while the discharge is still growing; if it assumed dunes keep growing instead, and we extrapolate from the point where the water depth is still rising, the difference in water levels is approximately 0.5 m. Though this effect will probably be mitigated in real life by the presence of floodplains, it is still a significant effect. This example shows that knowing when the transition to upper-stage plane bed occurs is important, because it may have a large impact on the water levels and thereby on the dike heights needed to prevent flooding.





7. Discussion


In the present study, under flume conditions, differences have been observed in outcome between the new model and the k-ε model of Shimizu et al. (2009) [14], that is, step lengths have to become significantly larger to reach the transition to an upper-stage plane bed, and there are differences of 25% in water depths. Of course, the models differ in significant ways. Firstly, Shimizu et al. (2009) [14] have used a non-hydrostatic flow model with a non-linear k-ε model for turbulence closure, whereas in the idealized dune evolution model, a hydrostatic flow model with a constant eddy viscosity has been used. Secondly, their transport module also used a separate suspended sediment model, while in this research suspended sediment has been only modelled implicitly. Pinpointing the exact reason of the differences is hard because the A4 flume case under review is a ‘synthetic’ case; there are no actually measured values as a reference to determine which model is closer to the truth. The Shimizu et al. (2009) [14] dune model is more physically complex, which suggest that its results should be better. However, it is still promising that the new relatively simple model presented in this research is able to represent similar bedform behaviour during a flood wave as the more complex model in a qualitative sense.



During the research for this paper, it was found that the timing of a transition to upper-stage plane bed is sensitive to the value of α. As an example, the results of the first 45 min for scenario A4 of Shimizu et al. (2009) [14] with αmax = 300 as well as αmax = 350 are shown in Figure 22. Here it can be seen that the bed is washed out at about 37 min with αmax = 300 instead of 35 min as with αmax = 350, and that the maximum dune height is 3.75 cm and 2.8 cm, respectively. This shows that the results are sensitive to the settings of the step length model, though there is no extreme effect on general model behaviour.



To ensure that the model still represents the dune regime well, the model was run again for the experimental conditions of Venditti et al. (2005a, 2005b) [52,53] tested in the Section Results of van Duin et al. (2017) [26]. Compared to the previous results, the dune height is now generally slightly lower, though still represented well. Dune length is very similar to before, represented well except for the artificial defects of bedforms D and E. Migration rate and thereby transport rate are much higher than before, and are now generally overestimated instead of underestimated. This is in line with the results presented in Section 3.3 of van Duin et al. (2016) [26], where the migration rate and thereby transport rate increased strongly with step length. Overall the results are slightly worse than with the model version optimized for the dune regime, though dune dimensions are still represented well by the new model.



The question arises whether the step length should be varied only due to the changing flow regime as is done now, or along the dune as well (because of local variation in shear stress). Explorative experiments of Van Duin et al. (2012) [26] suggest that the latter is not necessary, but this warrants further research. This also applies for more realistic non-linear relations of the step length model, as the current one (Equation (19)) is still relatively simple.



Although the model results show hysteresis effects with regard to discharge and water depth caused by the development of dunes, it should be realized that the present model does not describe the hysteresis effects due to the phase lead of discharge with respect to water depth, which may be relevant for field situations. This phase lead arises from the phenomenon that the pressure gradient of the front of the flood wave is higher than in the tail of the flood wave, as described by Jones (1915) [54] and later studied by various authors (e.g., [55,56,57]).



The spatial phase lag of the sediment transport relative to the local bed shear stress is the crucial element of the model for representing the growth and washing out of bedforms. This sediment transport phase lag is not an explicit part of our model, but it is brought into the model through the step-length of grains. This stepping of grains leads to the situation that the local sediment transport along the dune is coupled to the bed shear stress (and grain pick-up) some distance upstream. The original Einstein step length model in principle is a bed load formulation, as it explicitly models grains to make a step at a distance of some grains (i.e., rolling or sliding a small distance). To incorporate the suspension effect, we are stretching the Einstein step length model towards much larger steps. For suspended sediment, this phase-lag is caused by the relatively slow process of upward turbulent diffusion and downward settling of suspended sediment particles. The length scale of this suspension adjustment process is a function of the suspension numbers u*/ws and increases with the water depth h (see Equation (17)). Now, by incorporation of the depth in the step length formulation, we allow for much larger steps. Such larger steps can be thought of as overflowing the flow separation zone in a dune, so that the sediment accumulates at the stoss side of the next dune. If this step becomes very large, suspended sediment will be able to pass even more than one dune crest.



It could be interesting to use a separate suspended transport model similar to the bed load models used in this study, with the lower step lengths used for bed load and the higher step lengths used for suspended load. With such a dual method, it is important to know what the appropriate step lengths are for each of the transport modes. This could be done by either implementing more physics-based predictors of the step length for bed load and suspended load, or by calibrating the step length models using dune data sets from the field, such as that of Sieben (2004) [50], as a benchmark. Another interesting exercise would be to test the Froude number effect in this model with laboratory and field experiments (see e.g., Naqshband et al. (2014) [28]).



In general, a well-calibrated version of the dune evolution model could then be applied within a model of a river system (replacing a part of the hydraulic roughness model) to better determine if and under which conditions a transition to upper-stage plane bed may occur. As far as we know for the Dutch rivers, washing out of dunes with a high discharge has never occurred, and it is unknown what will happen with the extreme (design) discharges that may occur in the future. In current practice, roughness values are calibrated by matching observed and modelled water levels [58,59]. This means that there is significant uncertainty in roughness for extreme discharges that have not been observed yet. Using a dynamic roughness model which includes the dune dynamics may lead to more physically correct results. The river Waal case in this study for the 1998 flood has shown that a relatively small increase in river discharge can lead to the occurrence of upper-stage plane beds together with a considerable drop in water depth in a relatively short time. This shows that the occurrence of upper-stage plane bed can be an unexpected and rapid occurrence.




8. Conclusions


In this study the dune evolution model of Paarlberg et al. (2009) [21] was extended with an alternative sediment transport model using sediment pick-up, deposition, and step length models instead of the usual equilibrium transport formula. The model was devised in such a way that similar dune behaviour is obtained as with the more complex k-ε model of Shimizu et al. (2009) [14] for a flood wave corresponding to flume conditions.



Step lengths have been allowed to become larger than with the step length model of Shimizu et al. (2009) [14]. In addition, higher step lengths than the maximum observed in the experiments of Nakagawa and Tsujimoto (1980) [23] have been adopted such that effects of suspended load are implicitly taken into account. We would like to note that this implicit formulation is a first step to account for suspended sediment transport processes in a strongly schematized way, which needs to be extended and improved in further studies. It was shown that in this way, the model is able to predict a transition to upper-stage plane bed and clearly shows hysteresis effects due to the lag between bedform dimensions and discharge. While the simulated associated moments in time and the maximum dune height are close to the results of Shimizu et al. (2009) [14], the exact results in terms of water depth still showed differences of about 25%.



A scenario corresponding to the 1998 flood in the river Waal was modelled as well. While the qualitative behaviour of the dunes was represented well, the dune height was overestimated. This signifies the need for further model improvement/calibration. For the river scenario, the step length is significantly higher than the values used for the flume conditions. It was shown that the Waal model is also computationally fast. By slightly increasing the discharge of the original river scenario, a transition to upper-stage plane bed was also modelled. Although in 1995, for much higher discharges, no transition to upper-stage plane bed has occurred (Wilbers and Ten Brinke (2003) [51]), this does show the sensitivity of the dune dynamics in this transitional regime and also indicates the need for a well-validated dune evolution model for extreme discharges.



It should be noted that when a transition to upper-stage plane bed indeed occurs during extreme floods (i.e., during dike design conditions), this has the potential to greatly reduce the design water depth because the hydraulic roughness of the main channel would be significantly lower. However, in a bifurcation river system such as the river Waal, balancing effects distribute this lowering of the water levels over both branches, if it would occur in one branch only [4]. For the model results presented here, the difference in water levels in one branch is approximately 0.5 m. Although in reality this effect would also be dampened due to the presence of floodplains, which are not accounted for here, this is still considered as a significant effect.
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Figure 1. Schematization of a dune (flow left to right). 
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Figure 2. The computational domain. 
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Figure 3. Hydrograph of scenario A4 after Shimizu et al. (2009) [14]. 
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Figure 4. Dune crest and trough position (black lines) and water depth (blue line) over time with the step length model of (a) Sekine and Kikkawa (1992) [42] and (b) Shimizu et al. (2009) [14]. 
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Figure 5. The non-dimensional step length of the non-dimensional step length model of Shimizu et al. (2009) [14], using αS for bed load, and the currently used step length model Equation (19), using αg, which represents the grain-shear-stress-dependent part of non-dimensional step length in the new model. In this figure the depth is assumed to be equal to href in order to more clearly show the relation with the Shimizu step length model. 
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Figure 6. Dune field over time, using scenario A4 from Shimizu et al. (2009). 
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Figure 7. Dune crest and trough position (black lines) and water depth (blue line) over time, using scenario A4 from Shimizu et al. (2009). 
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Figure 8. Specific discharge versus non-dimensional step length α separated for the rising and falling stages of the hydrograph. 
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Figure 9. Specific discharge versus water depth separated for the rising and falling stages of the hydrograph, using scenario A4 from Shimizu et al. (2009). 
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Figure 10. Hydrograph of the river scenario, which is based on the 1998 flood in the river Waal. 
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Figure 11. Dune field over time, using the river scenario. 
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Figure 12. Dune crest and trough position (black lines) and water depth (blue line) over time, using the river scenario. 
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Figure 13. Discharge versus dune height for the rising and falling stages of the hydrograph, using the river scenario. The arrow signifies the direction of development over time. 
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Figure 14. Non-dimensional shear stress θ versus dune height for the rising and falling stages of the hydrograph, using the river scenario. The arrow signifies the direction of development over time. 
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Figure 15. Specific discharge versus non-dimensional step length α separated for the rising and falling stages of the hydrograph, using the river scenario. The arrow signifies the direction of development over time. 
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Figure 16. Specific discharge versus water depth separated for the rising and falling stages of the hydrograph, using the river scenario. The arrow signifies the direction of development over time. 
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Figure 17. Dune field over time, using the more extreme river scenario. The right part zooms in on the dune field in the period where the transition occurs. 
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Figure 18. Dune crest and trough position (black lines) and water depth (blue line) over time, using the more extreme river scenario. 
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Figure 19. Discharge versus dune height for the rising and falling stages of the hydrograph, using the more extreme river scenario. The arrow signifies the direction of development over time. 
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Figure 20. Specific discharge versus non-dimensional step length α separated for the rising and falling stages of the hydrograph, using the more extreme river scenario. The arrow signifies the direction of development over time. 
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Figure 21. Specific discharge versus water depth separated for the rising and falling stages of the hydrograph, using the more extreme river scenario. 
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[image: Applsci 11 11212 g021]







[image: Applsci 11 11212 g022 550] 





Figure 22. Dune crest and trough position for the first 45 min of scenario A4 of Shimizu et al. (2009) [14]) with (a) αmax = 300 and (b) αmax = 350. 
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